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Introduction:  Prostate  cancer  is  one  of  the  leading  causes  of  cancer-related  mortality  in  men  in 
the  United  States.  Androgen  receptor  signaling  remains  active  in  castration-resistant  prostate 
cancer  (CRPC).  Several  mechanisms  were  postulated  to  result  in  the  persistent  androgen  receptor 
(AR)  signaling  seen  in  CRPC,  of  which  the  most  intriguing  are  the  overexpression  of  the  AR  and 
the  ability  of  prostate  cancer  cells  to  synthesize  intracellular  androgens.  Even  though  recent 
efforts  to  target  these  mechanisms  have  made  significant  progress,  development  of  resistance  has 
become  a  common  problem.  Our  preliminary  data  indicated  that  NF-kappaB2/p52  regulates 
expression  of  steroidogenic  enzymes  and  microRNA  let-7c  which  inhibits  AR  expression. 
Generation  of  constitutively  active  splice  variants  of  the  AR,  which  lack  the  C-terminal  ligand¬ 
binding  domain  and  are  hence  resistant  to  AR-targeted  therapies  has  been  suggested  as  one  of  the 
mechanisms  of  development  of  drug  resistance.  The  most  abundant  splice  variant,  AR-V7,  has 
been  postulated  to  drive  CRPC  progression  under  androgen  deprivation.  AR-Vs  confer  resistance 
to  not  only  AR  targeted  therapies  [1,2]  but  to  conventional  chemotherapeutics  such  as  taxanes 
used  as  first  line  therapies  against  CRPC  [3].  The  mechanisms  mediating  increased  expression  of 
aberrant  AR-Vs  in  PCa  are  still  largely  unknown.  One  possible  cause  of  defective  splicing  is  the 
genomic  rearrangement  and/or  intragenic  deletions  of  the  AR  locus  in  CRPC  [4].  Alternatively, 
aberrant  expression  of  specific  splicing  factors  in  PCa  cells  may  also  contribute  to  unbalanced 
splicing  and  aberrant  recognition  of  cryptic  exons  in  the  AR  gene.  Alternative  splicing  modulates 
the  generation  of  protein  isoforms  with  distinct  structural  and  functional  properties  or  affects 
mRNA  stability,  by  the  insertion  of  premature  stop  codons,  and  translatability,  by  altering 
microRNA  target  sites  [5].  Two  nuclear  RNA-binding  protein  families,  heterogeneous  nuclear 
ribonucleoproteins  (hnRNP)  and  serine/arginine-rich  proteins  (SR),  play  pivotal  roles  in 
regulation  of  alternative  splicing.  The  hnRNP  family  consists  of  '-'20  members  which  bind  to 
splicing  silencers  located  in  exons  or  introns  to  promote  exon  exclusion  and  act  as  splicing 
repressors  [5].  The  best  characterized  proteins  of  this  group  are  hnRNP  A 1  and  hnRNP  A2,  which 
share  a  high  degree  of  sequence  and  functional  homology  [6].  HnRNP  A 1  and  hnRNP  A2  are 
over-expressed  in  various  kinds  of  tumors  and  serve  as  early  tumor  biomarkers  [7-9].  Our  results 
show  that  NF-kB2/p52  regulates  expression  of  hnRNP  A 1  via  c-Myc  and  thereby  contributes  to 
aberrant  splicing  of  AR. 

Keywords:  Prostate  Cancer,  Androgen  Receptor,  NF-kB2/p52,  c-Myc,  Fin28,  miR-let-7c, 
hnRNPAl,  Castration  resistance,  Enzalutamide,  Therapy  Resistance 

Overall  Project  Summary  for  the  Years  01  July  2011  to  30  June  2015 

We  have  made  significant  progress  in  Task  2, 

2a,  Analyze  whether  p52  regulates  the  transcription  of  steroidogenic  enzymes 

Total  RNA  from  FNCaP  cells  stably  expressing  p52  was  analyzed  by  qRT-PCR  using 
specific  primers  to  test  the  expression  levels  of  a  wide  panel  of  steroidogenic  enzymes  as  shown 
in  Fig.  lA.  The  expression  levels  of  CYP17A1,  HSD3B2,  HSD17B2,  HSD17B3,  AKR1C3, 
AKRICICI,  SRD5A1  and  RND3  were  enhanced  by  expression  of  p52  in  FNCaP  cells.  These 
results  were  confirmed  by  Western  analysis.  Specific  antibodies  against  some  of  the 
steroidogenic  enzymes  were  used  to  analyze  lysates  from  FNCaP  cells  stably  expressing  p52.  As 
shown  in  Fig.  IB,  protein  levels  of  CYP17A1,  HSD3B2,  AKR1C3,  CYPllAl  and  SRD5A1 
were  increased  by  expression  of  p52  in  FNCaP  cells.  In  addition,  we  transfected  p52  into  PZ- 
HPV7  cells  (normal  prostate  epithelial  cell  line)  and  analyzed  expression  levels  of  CYPllAl, 
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CYP17A1,  HSD3B2,  AKR1C3  and  SRD5A1  by  qRT-PCR.  As  shown  in  Fig.  1C,  expression 
levels  of  these  enzymes  were  enhaneed  with  overexpression  of  p52  in  PZ-HPV7  cells.  These 
findings  collectively  show  that  p52  promotes  expression  of  enzymes  involved  in  intracrine 
androgen  synthesis  in  prostate  cells. 

2b.  Determine  the  mechanisms  of  transcriptional  regulation  of  steroidogenic  enzymes  by 
p52 

To  determine  whether  activation  of  steroidogenic  enzymes  by  p52  is  by  a  transcriptional 
mechanism,  we  cloned  promoter  regions  of  HSD3B2,  AKR1C3,  HSD3B1  and  SRD5A1  into 
luciferase  reporter  vectors  and  transfected  them  into  LNCaP  cells  stably  expressing  p52.  As 
shown  in  Fig.  ID,  luciferase  activities  of  the  reporter  vectors  were  enhanced  in  LNCaP  cells 
expressing  p52,  indicating  that  p52  increases  transcription  of  steroidogenic  enzymes  in  PCa  cells. 

We  have  made  significant  progress  in  Task  3, 

3a,  Determine  whether  p52  induces  androgen  synthesis  in  vitro 

To  determine  whether  p52  induces  intracellular  androgen  synthesis  in  prostate  cells  in  vitro,  we 
transfected  either  empty  vector  or  p52  into  PZ-HPV7  normal  prostate  epithelial  cells  and 
analyzed  the  cell  lysates  by  Enzyme  Immunoassay  (ElA)  using  Testosterone  ElA  kit  (Cayman 
Chemicals)  according  to  the  manufacturer’s  instructions.  Briefly,  5x10^  cells  were  collected  by 
centrifugation  and  homogenized  in  ElA  buffer.  The  homogenates  were  extracted  twice  with  1 : 1 
(v/v)  ethyl  acetate  and  the  organic  phase  retained.  The  organic  phase  containing  steroids  was 
evaporated  under  vacuum  and  the  resultant  steroids  were  dissolved  in  ElA  buffer  for  testosterone 
estimation  by  ElA.  As  shown  in  Eig.  2A,  overexpression  of  p52  induced  significantly  higher 
levels  of  intracellular  testosterone  synthesis  in  PZ-HPV7  normal  prostate  epithelial  cells.  These 
results  were  confirmed  in  ENCaP  cells  stably  expressing  p52  (Pig.  2B).  In  addition,  we  also 
analyzed  intracellular  testosterone  levels  after  induction  of  p52  expression  by  doxycycline 
(DOX)  in  ENCaP  cells  inducibly  expressing  p52.  As  shown  in  Pig.  2C,  induction  of  p52 
expression  by  DOX  enhanced  intracellular  testosterone  synthesis  by  2-fold  in  these  cells. 
Collectively,  these  findings  show  that  p52  enhances  intracrine  androgen  synthesis  in  vitro  in  PCa 
cells. 

To  determine  whether  downregulation  of  p52  reduces  intracellular  androgen  synthesis  in 
prostate  cells  in  vitro,  we  transfected  shRNA  against  p52  into  C4-2B,  EN-1E6  and  DU145  cells 
and  analyzed  the  cell  lysates  by  Enzyme  Immunoassay  (EIA)  using  Testosterone  ElA  kit 
(Cayman  Chemicals)  according  to  the  manufacturer’s  instructions.  As  shown  in  Pig.  3A, 
downregulation  of  p52  expression  significantly  abrogated  the  levels  of  intracellular  testosterone 
synthesis  in  all  cell  lines  tested.  In  addition,  we  also  analyzed  expression  levels  of  steroidogenic 
enzymes  in  these  cells  by  qRT-PCR.  The  results  showed  that  downregulation  of  p52  expression 
reduced  the  expression  levels  of  steroidogenic  enzymes  significantly  (Pig.  3B).  We  also 
generated  C4-2B,  EN-1L6  and  DU145  stable  cell  lines  expressing  shRNA  against  p52  and 
analyzed  the  intracellular  androgen  levels  as  detailed  above.  Steroidogenic  enzyme  expression 
levels  were  also  analyzed.  The  results  demonstrated  that  downregulation  of  p52  expression 
abrogated  intracrine  androgen  synthesis  in  vitro  (Pig.  3C  and  3D).  Collectively,  these  findings 
show  that  p52  regulates  intracrine  androgen  synthesis  in  vitro  in  PCa  cells. 

3b,  Determine  whether  p52  induces  androgen  synthesis  in  vivo. 
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To  determine  whether  p52  regulates  androgen  synthesis  in  vivo,  we  generated  xenografts  of  C4- 
2B  eells  in  nude  miee  by  injecting  2x10^  cells/flank  sub-cutaneously.  After  the  tumors  reached 

-5 

0.5  cm  ,  retroviruses  encoding  either  control  shRNA  against  EGFP  or  shRNA  against  p52  were 
injected  intratumorally  into  the  xenografts  and  tumor  growth  was  monitored.  At  the  end  of  the 
experiments,  tumors  were  harvested  and  intracellular  testosterone  levels  were  analyzed  by  EIA 
as  described  above.  As  shown  in  Eig.  4A,  downregulation  of  p52  expression  by  shRNA  reduced 
growth  of  C4-2B  tumor  xenografts  significantly.  In  addition,  as  shown  in  Eig.  4B,  levels  of 
intracellular  androgens  were  reduced  drastically  in  xenografts  injected  with  shRNA  against  p52. 
We  also  analyzed  expression  levels  of  steroidogenic  enzymes  in  the  tumor  xenografts  and  found 
that  steroidogenic  enzyme  expression  was  downregulated  by  reduction  in  expression  of  p52  (Eig. 
4C).  These  findings  demonstrate  that  downregulation  of  p52  expression  reduces  synthesis  of 
intracrine  androgens  in  vivo. 

PCa  cells  with  stable  knock-down  of p52  synthesize  lower  levels  of  intracrine  androgens 
The  above  experiments  showed  that  retroviral-induced  knock-down  of  p52  expression  in  C4-2B 
xenografts  reduced  tumor  growth  and  levels  of  steroidogenic  enzymes.  In  order  to  rule  out  the 
possibility  of  off-target  effects  of  the  retroviruses  in  reducing  tumor  growth,  we  generated  C4-2B 
and  DU145  cells  stably  expressing  specific  shRNA  against  p52.  C4-2B-shp52  and  C4-2B- 
shEGFP  control  cells  were  injected  orthotopically  into  the  prostates  of  SCID  mice  and  tumor 
growth  was  measured  using  serum  PSA  levels  as  a  surrogate  for  tumor  volume.  At  the  end  of  the 
experiment,  tumors  were  collected  and  weighed.  Tumor  weights  in  the  C4-2B-shp52  group  were 
significantly  lower  than  in  the  C4-2B-shEGFP  group  indicating  that  downregulation  of  p52 
expression  reduced  the  tumorigenic  ability  of  C4-2B  cells  (Fig.  5 A).  We  also  measured 
intracrine  testosterone  levels  using  EIA  (Cayman  Chemicals)  in  the  tumor  tissues.  Our  results 
showed  that  synthesis  of  intra-tumoral  testosterone  was  diminished  in  xenografts  from  C4-2B- 
shp52  cells  (Fig.  5B).  These  results  were  confirmed  using  Mass  Spectrometry.  Tumor  tissues 
resulting  from  orthotopic  injection  of  C4-2B-shEGFP  and  C4-2B-shp52  cells  were  analyzed  for 
their  steroid  profile  using  Mass  Spectrometry.  As  shown  in  Fig.  5C,  intra-tumoral  testosterone 
levels  as  well  as  5  a-Dihydro testosterone  (DHT)  levels  were  diminished  in  xenografts  from  C4- 
2B-shp52  cells  compared  to  C4-2B-shEGFP  cells.  These  findings  conclusively  attest  to  the 
importance  of  p52  expression  in  the  upregulation  of  intracrine  androgen  synthesis  by  CRPC 
cells.  Total  RNAs  were  extracted  from  the  tumor  tissues  and  levels  of  steroidogenic  enzymes 
were  measured  using  qPCR.  As  shown  in  Fig.  5D,  levels  of  most  steroidogenic  enzymes 
measured  were  reduced  in  C4-2B-shp52  xenografts. 

In  order  to  confirm  these  results,  DU145  cells  stably  expressing  shRNA  against  p52, 
DU145-shp52  and  DU145-shEGFP  control  cells  were  injected  orthotopically  into  the  prostates 
of  SCID  mice  and  the  resultant  tumor  tissues  were  collected  and  weighed.  Tumor  weights  (Fig. 
6A),  levels  of  intra-tumoral  testosterone  (Fig.  6B)  and  expression  levels  of  steroidogenic 
enzymes  (Fig.  6C)  were  diminished  in  DU145-shp52  xenografts,  demonstrating  that 
downregulation  of  p52  reduces  the  ability  of  PCa  cells  to  synthesize  intracellular  androgens  in 
vivo.  These  findings  clearly  demonstrate  that  expression  of  p52  is  critical  for  maintenance  of 
intracrine  androgen  synthesis  in  PCa  cells. 

We  have  made  significant  progress  in  Task  4, 

4a,  Generate  C4-2B  cells  stably  expressing  EGFP-tagged  let-7c.  Generate  LNCaP  cells 
stably  expressing  Lin28B, 
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We  subcloned  the  ORF  of  Lin28  from  pLOC-Lin28  (Open  Biosystems)  into  pCDNAS.l 
and  verified  the  directionality  by  restriction  digestion  and  sequencing.  The  pCDNA3.1-Lm28 
vector  thus  generated  was  transfected  into  LNCaP  cells  and  clones  stably  expressing  Lin28  were 
selected  by  neomycin  selection.  Expression  of  Lm28  in  the  stable  clones  is  shown  in  Fig.  7A.  In 
addition,  we  have  generated  LNCaP  cells  inducibly  expressing  Lin28  using  a  Tet- inducible 
ViraPower  lentiviral  expression  system  (Invitrogen).  The  expression  of  Lin28  in  LNCaP  cells 
inducibly  expressing  Lin28  is  shown  in  Fig.  7B.  We  also  generated  C4-2B  cells  stably 
expressing  EGFP  tagged-let-7c  using  the  let-7c  lentivector  from  System  Biosciences.  The 
expression  of  EGFP-tagged  let-7c  in  C4-2B  cells  is  shown  in  Fig.  1C. 

Determine  the  mechanisms  hy  which  p52  regulates  let-7c  expression. 

Our  preliminary  data  showed  that  p52  regulates  expression  of  let-7c.  To  determine  whether  this 
regulation  occurs  at  the  level  of  transcription,  we  analyzed  the  putative  promoter  region  of  let-7c 
using  Matinspector  and  found  that  the  promoter  region  contains  putative  NF-kB  binding  sites. 
Analysis  of  the  NF-kB  binding  sites  by  Chromatin  Immunoprecipitation  (ChIP)  assays  revealed 
that  p52  does  not  bind  to  the  putative  NF-kB  binding  sites.  In  addition,  the  precursor  form  of  let- 
7c  was  found  to  be  not  affected  by  p52.  These  results  led  to  the  conclusion  that  the  regulation  of 
let-7c  expression  by  p52  is  not  at  the  level  of  transcription.  Next,  we  tested  whether  p52 
regulates  let-7c  via  regulation  of  expression  of  Lin28  and  c-Myc.  We  analyzed  expression  levels 
of  Lin28  and  c-Myc  in  LN-neo  (control)  and  LN-p52  (stably  expressing  p52)  cells  by  qPCR 
(right  panel)and  Western  blotting  (left  panel)  (Fig.  8A)  and  found  that  expression  levels  of  both 
Lin28  and  c-Myc  were  higher  in  LN-p52  cells.  Next,  we  tested  whether  p52  regulates  expression 
of  Lin28  by  binding  to  its  promoter  region.  We  performed  ChIP  assays  using  specific  primers  to 
amplify  putative  p52-binding  sites  in  Lin28  promoter  and  found  that  recruitment  of  p52  to  Lin28 
promoter  was  higher  in  LN-p52  cells  compared  to  LN-neo  cells  (Fig.  8B).  These  results 
demonstrated  that  p52  regulates  let-7c  via  its  regulation  of  Lin28  and  c-Myc. 

4b,  Analyze  whether  let-7c  inhibits  AR  expression  directly  or  indirectly.  Analyze 
transcription  factors  which  regulate  AR  expression,  (and) 

4c,  Analyze  whether  downregulation  of  let-7c  expression  leads  to  activation  of  the  AR  and 
enhances  proliferation  of  prostate  cancer  cells, 

Let-7c  decreases  expression  of  AR 

Our  preliminary  data  showed  that  the  levels  of  let-7c  were  lower  in  castration-resistant 
cell  lines,  C4-2B,  LNCaP-sl7  (overexpressing  IL-6)  and  LN-IL6+  (LNCaP  chronically  treated 
with  IL-6)  that  express  higher  levels  of  AR  compared  to  parental  LNCaP  cells  that  express  lower 
levels  of  AR,  indicating  an  inverse  relationship  between  AR  and  let-7c.  Hence,  we  tested 
whether  let-7c  affects  AR  expression  in  PCa  cells.  Anti-sense  oligonucleotides  against  let-7c 
(Ambion)  were  transfected  into  LNCaP  cells  which  express  high  levels  of  let-7c  and  the 
expression  level  of  AR  was  analyzed  by  qRT-PCR.  Downregulation  of  let-7c  enhanced  AR 
mRNA  level  '-'3.5-fold  (Fig.  9A).  To  confirm  that  the  increase  in  AR  mRNA  results  in  an 
increase  in  AR  protein,  we  analyzed  whole  cell  lysates  from  LNCaP  cells  transfected  with  let-7c 
anti-sense  oligos  by  Western  blotting.  AR  protein  level  was  increased  -'70%  when  let-7c  was 
downregulated  (Fig.  9B).  These  findings  were  further  confirmed  in  LN-IL6+  cells  which  express 
higher  levels  of  AR,  but  lower  levels  of  let-7c  compared  to  LNCaP  cells.  Overexpression  of  let- 
7c  in  LNCaP-IL6+  cells  reduced  the  levels  of  AR  mRNA  (Fig.  9C)  and  protein  expression  (Fig. 
9D).  These  results  suggested  that  let-7c  inhibits  AR  expression  in  PCa  cells.  Since  the  above 
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results  were  obtained  by  transient  overexpression  of  let-7o  and  to  test  whether  stable  expression 
of  Iet-7c  would  exhibit  similar  effects,  we  generated  LNCaP  and  C4-2B  cells  stably  expressing 
let-7c  and  LNCaP  cells  stably  expressing  Lin28.  Western  blotting  was  performed  to  analyze 
protein  levels  of  AR  and  Lin28.  The  results  demonstrated  that  levels  of  AR  were  downregulated 
in  both  LNCaP  and  C4-2B  cells  stably  expressing  let-7c,  while  AR  expression  was  enhanced  in 
LNCaP  cells  expressing  Lm28  (Fig.  9E,  F  &  G).  Collectively,  these  data  demonstrate  that  let-7c 
represses  AR  expression  in  prostate  cancer  cells. 

Let-7c  reduces  AR  activity 

We  next  examined  whether  the  reduction  in  expression  of  AR  by  let-7c  results  in 
inhibition  of  transcriptional  activity  of  AR.  LNCaP  cells  were  co-transfected  with  pGL3- 
PSA6.0-Luc  reporter  containing  the  enhancer  and  promoter  regions  of  PSA  gene  and  plasmids 
expressing  let-7c.  As  shown  in  Fig.  lOA,  transcriptional  activity  of  the  AR  in  activating  reporter 
gene  expression  was  reduced  by  -60%  in  the  presence  of  let-7c.  These  results  were  confirmed  by 
analysis  of  PSA  mRNA  and  protein  expression  by  qRT-PCR  and  ELISA  respectively.  LNCaP 
cells  were  transfected  with  let-7c  or  let-7c  anti-sense  oligonucleotides  and  PSA  mRNA  levels 
were  analyzed.  Downregulation  of  let-7c  expression  by  let-7c  anti-sense  oligonucleotides  led  to  a 
>4-fold  increase  in  PSA  expression,  whereas  overexpression  of  let-7c  reduced  PSA  expression 
by  -50%  (Pig.  lOB).  In  addition  to  PSA,  downregulation  of  let-7c  expression  by  let-7c  antisense 
increased,  while  overexpression  of  let-7c  reduced  NKX3.1  (another  typical  androgen  regulated 
gene)  mRNA  expression  (Pig.  lOB).  Similarly,  PSA  levels  in  the  supernatants  of  LNCaP  cells 
transfected  with  let-7c  anti-sense  were  found  to  be  upregulated  by  -40%  (Pig.  IOC).  These 
results  were  also  confirmed  in  LNCaP  and  C4-2B  cells  stably  expressing  let-7c.  Stable 
expression  of  let-7c  decreased  while  stable  expression  of  Lin28  increased  transactivation  of 
reporter  activity  by  AR  (Pig.  lOD)  and  secretion  of  PSA  by  LNCaP  cells  (Pig.  lOE).  To 
determine  whether  expression  of  let-7c  affects  the  recruitment  of  AR  to  PSA  and  NKX3.1 
promoters,  ChIP  assays  were  performed.  Overexpression  of  let-7c  in  PNCaP  cells  reduced 
binding  of  AR  to  PSA  (Pig.  lOP)  and  NKX3.1  (Pig.  lOG)  promoters,  whereas  expression  of 
Pin28,  a  repressor  of  let-7c,  increased  AR  binding  to  these  promoters.  Collectively,  these  results 
demonstrate  that  the  suppression  of  AR  expression  by  let-7c  leads  to  decrease  in  the 
transactivation  potential  of  AR,  while  increased  AR  expression  by  let-7c  anti-sense  or  Pin28 
leads  to  an  increase  in  the  transactivation  potential  of  AR  and  expression  of  its  target  genes. 

Repression  of  AR  by  let-7c  is  mediated  by  Myc 

MiRNAs  target  several  genes  by  binding  to  consensus  binding  sites  in  the  3’-UTR  of  the 
transcript,  leading  to  degradation  of  the  mRNA  via  the  RISC  complex.  Therefore,  we  analyzed 
whether  let-7c  binding  sites  exist  in  the  3’-UTR  of  the  AR  mRNA,  using  algorithms  from 
miRBase,  TargetScan,  Pictar  and  Microcosm.  Analysis  of  the  3’-UTR  of  AR  failed  to  detect  the 
presence  of  let-7c  binding  sites.  To  confirm  whether  let-7c  leads  to  degradation  of  the  AR 
mRNA,  we  analyzed  the  stability  of  AR  mRNA  in  PNCaP  cells  expressing  high  levels  of  let-7c. 
PNCaP  cells  were  transfected  with  plasmids  expressing  let-7c,  were  treated  with  vehicle  or  50 
pM  Actinomycin  D  (to  inhibit  de  novo  RNA  synthesis)  and  total  RNAs  were  isolated.  Northern 
blotting  (Pig.  11  A)  and  qRT-PCR  (Pig.  IIB)  were  performed  with  a  probe  specifically  against 
AR  mRNA  and  primers  amplifying  AR  mRNA  respectively.  As  shown  in  Pig.  IIA  &  IIB,  the 
half-life  of  AR  mRNA  in  LNCaP  cells  was  -3.5  h  in  the  presence  of  androgen,  which  was  not 
altered  when  let-7c  was  overexpressed  in  LNCaP  cells.  These  results  suggested  that  let-7c  does 
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not  enhance  the  degradation  of  AR  mRNA,  implying  that  a  mechanism  other  than  direct  mRNA 
degradation  may  be  involved  in  let-7c-mediated  AR  inhibition.  Next,  we  examined  whether  let- 
7c  affects  transcription  of  AR.  Let-7c  or  let-7c  anti-sense  oligos  were  co-transfected  with  a 
luciferase  reporter  driven  by  the  full-length  (-6  kb)  promoter  of  AR  gene  into  LNCaP  cells  and 
luciferase  assays  were  performed.  Downregulation  of  let-7c  expression  by  let-7c  anti-sense 
increased,  whereas  overexpression  of  let-7  decreased  the  activation  of  AR  promoter  (Fig.  IIC), 
suggesting  that  suppression  of  AR  expression  by  let-7c  may  be  at  the  level  of  transcription. 

Since  our  results  showed  that  suppression  of  AR  expression  and  activity  by  let-7c  is  not 
through  typical  miRNA-mediated  mRNA  degradation,  but  at  the  level  of  transcription,  we 
hypothesized  that  a  let-7c  target  gene  may  function  as  a  transcriptional  regulator  of  AR.  We 
analyzed  whether  any  of  the  transcription  factors  binding  to  AR  promoter  was  a  target  of  let-7c 
using  Matinspector  (http://www.genomatix.de/matinspector.html)  and  miRBase 
(http://www.mirbase.org/)  and  found  that  Myc,  which  activates  AR  transcription  by  binding  to  a 
consensus  element  in  the  AR  promoter  [10],  was  one  of  the  targets  of  let-7c.  LNCaP  cells 
overexpressing  let-7c  were  analyzed  by  Western  blotting  to  confirm  whether  let-7c  reduces  Myc 
expression.  Results  showed  that  Myc  expression  was  downregulated  in  LNCaP  cells  expressing 
let-7c  (Fig.  12A).  Similarly,  we  found  an  increase  in  Myc  expression  in  LNCaP  cells  transfected 
with  let-7c  anti-sense  oligos  (Fig.  12B).  In  addition,  the  levels  of  Myc  are  correlated  with  AR 
expression  (Fig.  12B).  Downregulation  of  Myc  by  Myc  shRNA  reduced  AR  promoter  activity 
(Fig.  12C)  and  AR  mRNA  expression  (Fig.  12D),  while  overexpression  of  Myc  enhanced  AR 
promoter  activity  (Fig.  12C)  and  AR  mRNA  expression  (Fig.  12D).  Downregulation  of  Myc  also 
reduced  the  levels  of  PSA  and  NKX3.1  mRNA,  while  overexpression  of  Myc  enhanced  the 
levels  of  PSA  and  NKX3.1  mRNA  (Fig.  12E). 

To  determine  whether  reduced  expression  of  Myc  is  responsible  for  let-7c-mediated  AR 
suppression,  we  co-transfected  let-7c  with  Myc  in  LNCaP  cells  expressing  a  luciferase  reporter 
driven  by  the  full-length  AR  promoter.  The  results  showed  that  let-7c  suppressed  AR  promoter 
activity,  which  was  reversed  by  overexpression  of  Myc  (Fig.  12F).  ChIP  assays  were  performed 
using  primers  spanning  the  consensus  binding  site  for  Myc  in  AR  promoter  to  determine  whether 
let-7c  affects  the  recruitment  of  Myc  to  the  promoter  of  AR  gene.  Overexpression  of  let-7c 
reduced,  while  overexpression  of  Lin28  increased  the  recruitment  of  Myc  to  AR  promoter  (Fig. 
12G).  Collectively,  these  results  demonstrate  that  AR  suppression  by  let-7c  is  mediated  by  direct 
down  regulation  of  Myc. 

Let-7c  suppresses  growth  of  PCa  cells  in  vitro 

To  determine  whether  let-7c  affects  the  growth  of  PCa  cells,  LNCaP,  C4-2B,  DU145, 
LNCaP-S17  and  LN-IL6+  cells  were  transfected  with  plasmids  encoding  let-7c  or  empty  vector 
and  cell  numbers  were  counted  after  24  and  48  h.  Cell  numbers  of  all  PCa  cell  lines 
overexpressing  let-7c  were  reduced  by  -40%  at  48  h  (Fig.  13A-E).  Insets  show  the  levels  of 
expression  of  let-7c  plasmid  in  these  cells.  To  determine  whether  the  observed  decrease  in  cell 
growth  was  due  to  apoptotic  cell  death,  DNA  fragmentation  was  analyzed  by  Cell  Death 
Detection  EEISA.  As  shown  in  Eig.  13E,  apoptosis  in  cells  overexpressing  let-7c  was  enhanced 
compared  to  the  controls,  suggesting  that  the  inhibition  in  cell  growth  induced  by  let-7c  is  partly 
due  to  increased  apoptotic  cell  death. 
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In  addition,  we  tested  whether  downregulation  of  let-7o  would  enhanee  the  ability  of  androgen- 
sensitive  PCa  eells  to  grow  in  androgen-deprived  conditions.  We  transfected  anti-sense  oligos 
against  let-7c  or  control  scrambled  oligos  into  LNCaP  cells  supplemented  with  either  FBS  or 
charcoal-stripped  FBS  (CS-FBS)  and  monitored  cell  growth.  The  results  demonstrated  that 
downregulation  of  let-7c  by  anti-sense  promoted  androgen-dependent  LNCaP  cell  growth  in 
conditions  of  androgen  deprivation  (Fig.  13G).  These  findings  suggested  that  castration-resistant 
growth  of  PCa  may  be  characterized  by  downregulation  of  let-7c  expression. 

We  also  analyzed  clonogenic  ability  of  PCa  cells  expressing  let-7c  in  both  anchorage-dependent 
and  anchorage-independent  conditions.  LNCaP-S17  and  C4-2B  cells  were  transfected  with  let-7c 
or  empty  vector  and  colony  formation  assays  were  performed.  Both  clonogenic  (Fig.  14A)  and 
soft  agar  colony  (Fig.  14B)  formation  abilities  of  LNCaP-S17  and  C4-2B  cells  were  suppressed 
by  overexpression  of  let-7c.  The  number  of  colonies  formed  on  substrata  by  LNCaP-S17  cells 
was  reduced  from  142±15  to  46±10  and  the  number  of  colonies  formed  by  C4-2B  cells  was 
reduced  from  122±10  to  34±7  (Fig.  14A).  Similarly,  the  number  of  colonies  formed  in  soft  agar 
by  LNCaP-S17  cells  was  reduced  from  82±4  to  15±2  and  the  number  of  colonies  formed  by  C4- 
2B  cells  was  reduced  from  61±5  to  21±5  (Fig.  14B)  by  overexpression  of  let-7c.  Furthermore, 
the  size  of  colonies  formed  by  control-transfected  cells  was  larger  compared  to  the  colonies 
formed  by  let-7c-transfected  cells  (Fig.  14C&D).  These  results  suggest  that  let-7c  may  inhibit 
PCa  cell  growth  in  anchorage-dependent  as  well  as  -independent  conditions.  These  findings 
were  also  confirmed  with  clonogenic  assay  in  C4-2B  cells  stably  expressing  let-7c  (Fig.  14E). 

Let-7c  inhibits  tumor  growth  of  human  PCa  cell  xenografts 

We  generated  lentiviruses  encoding  GFP-tagged  let-7c  precursor  using  the  Lentivector 
Expression  System  (System  Biosciences).  To  determine  whether  let-7c  exhibits  anti-proliferative 
effects  on  PCa  xenografts  in  vivo,  we  injected  2x10^  C4-2B  or  PC346C  (both  cell  lines  are  AR- 
positive)  cells  s.c.  into  both  flanks  of  male  nude  mice  and  monitored  tumor  development.  Once 
tumors  reached  the  size  of  0.5  cm^,  mice  were  randomized  into  two  groups.  The  experimental 
mice  received  a  single  intratumoral  injection  of  lentivirally  encoded  let-7c,  while  control  mice 
received  lentiviruses  expressing  GPP.  Tumor  growth  was  monitored  over  3  weeks,  with  tumor 
measurements  twice  weekly.  At  the  end  of  3  weeks,  tumors  were  excised,  RNAs  prepared  and 
qRT-PCR  performed  to  assess  levels  of  let-7c  in  the  xenografts.  The  results  showed  that  tumor 
growth  of  C4-2B  (Pig.  15 A)  and  PC346C  (Pig.  15B)  xenografts  was  inhibited  significantly  in 
mice  injected  with  let-7c-containing  lentiviruses  compared  to  mice  injected  with  control 
lentiviruses.  In  addition,  we  also  tested  whether  let-7c  can  suppress  tumor  growth  of  AR- 
negative  xenografts.  We  injected  1x10^  DU145  cells/flank  s.c.  into  male  nude  mice  and 
performed  similar  experiments  with  half  the  mice  receiving  a  single  intratumoral  injection  of 
lentiviruses  encoding  let-7c  and  the  other  half  receiving  lentiviruses  encoding  the  empty  vector. 
The  results  showed  that  let-7c  was  successful  in  suppressing  tumor  growth  of  DU  145  xenografts 
similar  to  C4-2B  or  PC346C  xenografts  (Pig.  15C).  Pevels  of  PSA,  a  classic  target  gene  of  AR, 
secreted  by  the  AR-positive  xenografts  were  measured  in  the  mouse  sera  using  a  human-specific 
PSA  EPISA  kit  and  were  normalized  to  tumor  weights.  Results  showed  that  injection  of  let-7c- 
expressing  lentiviruses  reduced  the  secretion  of  PSA  by  the  tumor  xenografts  of  C4-2B  and 
PC346C  compared  to  control  lentiviruses  (Pig.  15D).  qRT-PCR  showed  that  let-7c  levels  were 
enhanced  in  the  tumors  injected  with  let-7c-encoding  lentiviruses,  while  levels  of  Pin28  were 
reduced  (Pig.  15E&P).  These  findings  suggest  that  overexpression  of  let-7c  suppresses  prostate 
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tumor  growth,  and  that  reconstitution  of  let-7c  levels  may  present  an  attractive  therapeutic 
strategy  against  human  PCa. 

Expression  of  let-7c  suppresses  AR,  Lin28  and  Myc  in  PCa  xenografts 

To  determine  whether  let-7c  suppresses  AR  expression  in  xenografts  of  PCa  cells  in  vivo, 
we  analyzed  the  tumors  from  xenografts  injected  with  let-7c  lentiviruses.  Tumors  were  excised, 
RNAs  prepared  and  levels  of  let-7c,  AR,  Lin28  and  Myc  were  analyzed  by  qRT-PCR.  As  shown 
in  Fig.  16,  expression  of  let-7c  suppressed  AR,  Lin28  and  Myc  levels  in  the  xenograft  tissues. 

Let-7c  expression  is  downregulated  in  human  PCa 

To  determine  whether  the  levels  of  let-7c  expression  are  downregulated  in  clinical  PCa, 
we  analyzed  RNAs  from  10  paired  benign  and  tumor  human  PCa  specimens  by  quantitative  RT- 
PCR.  RNAs  were  isolated  from  human  tissues,  reverse  transcribed  and  subjected  to  qRT-PCR 
using  LNA-conjugated  let-7c  primers  (Exiqon).  The  levels  of  let-7c  were  significantly  decreased 
in  8/10  tumors  compared  to  their  matched  benign  prostate  tissues  (Fig.  17 A).  We  also  analyzed 
two  tissue  microarrays  containing  benign  and  cancerous  prostate  biopsies  respectively  by  in  situ 
hybridization  using  LNA-conjugated  mature  let-7c-specific  probe  (Exiqon).  Our  results  showed 
that  let-7c  was  highly  expressed  in  benign  PCa,  while  its  expression  was  downregulated  in  the 
cancerous  prostate  (Pig.  17B).  Collectively,  these  results  suggest  that  loss  of  let-7c  expression 
may  be  associated  with  prostate  tumorigenesis. 

Since  Lin28  is  a  key  regulator  of  let-7c  expression,  we  examined  Lin28  expression  in  the 
10  paired  benign  and  tumor  prostate  samples  by  qRT-PCR  using  primers  which  amplify  Lin28 
mRNA  specifically.  Expression  levels  of  Lin28  were  found  to  be  significantly  elevated  in  9/10 
pairs  of  matched  benign  and  tumor  prostate  specimens  (Pig.  17C).  Expression  of  Lin28  was 
correlated  inversely  with  expression  of  let-7c  with  a  correlation  coefficient  of  -0.4,  suggesting 
that  let-7c  expression  is  regulated  primarily  by  Lin28  in  human  PCa. 

Let-7c  and  AR  are  negatively  correlated  in  human  PCa 

We  have  demonstrated  that  let-7c  represses  AR  expression  and  the  levels  of  let-7c  are 
inversely  correlated  with  AR  in  cell  culture  and  xenografts  of  PCa  mouse  models.  To  determine 
whether  a  correlation  exists  between  expression  levels  of  let-7c  and  AR  in  clinical  PCa,  we 
analyzed  RNAs  from  22  human  PCa  specimens  by  quantitative  RT-PCR.  RNAs  were  isolated 
from  human  tissues,  reverse  transcribed  and  subjected  to  qRT-PCR  using  LNA-conjugated  let-7c 
primers  (Exiqon).  This  was  followed  by  measurement  of  expression  levels  of  AR  using  primers 
specifically  amplifying  AR  mRNA.  The  levels  of  let-7c  and  AR  were  negatively  correlated,  with 
a  correlation  coefficient  of  -0.52  using  two  tailed  t-test  in  Microsoft  Excel  Tools  (Pig.  18A&B). 
Expression  levels  of  Lin28  and  Myc  were  also  examined  in  these  specimens  and  are  correlated 
negatively  with  expression  levels  of  let-7c  with  correlation  coefficients  of  -0.1765  and  -0.3354 
respectively  using  two-tailed  t-test  in  Microsoft  Excel  Tools  (Pig.  18C&D).  The  correlation 
coefficients  do  not  show  perfect  negative  correlation  between  expression  levels  of  the  respective 
genes  but  demonstrate  a  trend  towards  negative  correlation,  which  should  be  validated  with 
larger  numbers  of  samples. 

As  Lin28  is  a  key  regulator  of  let-7c  expression,  we  examined  Lin28  expression  in  42 
archival  matched  pairs  of  benign  and  cancerous  human  prostate  samples  and  20  samples  of 
normal  prostate  by  Western  blotting  using  an  antibody  specifically  against  Lin28  (AbCam).  The 
levels  of  Lin28  protein  expression  were  higher  in  most  of  the  tumors  compared  to  the  matched 
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benign  prostates  (Fig.  18E).  We  found  that  86%  of  tumor  tissues  were  positive  for  Lin28,  while 
only  47%  of  benign  and  40%  of  normal  tissues  exhibited  Lin28  expression.  We  also  analyzed 
expression  levels  of  AR  in  these  samples  by  Western  blotting  and  the  results  show  that  AR  levels 
eorrelate  with  Lin28  levels  (Fig.  18E).  Colleetively,  these  data  suggest  that  expression  levels  of 
let-7o  and  AR  are  negatively  eorrelated  with  eaeh  other,  and  that  Ein28  is  overexpressed  in 
prostate  cancer  vs  benign  prostate  and  is  correlated  positively  with  AR. 

Expression  levels  of  AR,  Lin28  and  Myc  are  increased  in  human  PCa 

To  validate  our  above  results  from  clinical  PCa  specimens,  Gene  expression  analysis  was 
performed  using  public  domain  datasets  deposited  in  the  Gene  Expression  Omnibus  of  the  NCBI 
and  in  Oncomine.  The  former  utilized  datasets  generated  by  Affymetrix  human  genome 
microarrays  of  well-described  human  tissues,  while  the  latter  utilized  the  Oncomine  cancer 
transcriptome  data.  Analysis  of  Affymetrix  human  gene  arrays  demonstrated  that  expression 
levels  of  AR,  Lin28  and  Myc  were  enhanced  (E^O.OS)  in  primary  and  metastatic  prostate  cancer 
specimens  compared  to  benign  prostate  specimens  (Eig.  19A&B).  Similarly,  significant 
(R^O.OOl)  increases  were  observed  in  expression  levels  of  AR,  Ein28  and  Myc  in  prostate  cancer 
specimens  compared  to  their  normal  counterparts  and  were  positively  correlated  with  each  other 
(Eig.  19C).  These  results  imply  that  Ein28  and  Myc  play  important  roles  in  the  regulation  of  AR 
expression  in  human  PCa.  Downregulation  of  expression  of  let-7c  in  human  PCa  may  lead  to 
higher  levels  of  expression  of  Lin28  and  Myc,  which  in  turn  enhance  the  expression  of  AR, 
which  is  an  important  survival  factor  for  PCa  cells. 

Lin28  is  overexpressed  in  clinical  prostate  cancer  specimens 

To  determine  the  relative  levels  of  expression  of  Ein28  in  human  CaP  compared  to 
benign  prostates,  we  examined  RNAs  from  10  paired  benign  and  tumor  human  CaP  samples  by 
qRT-PCR.  Expression  levels  of  Ein28  were  found  to  be  significantly  elevated  in  9/10  pairs  of 
matched  benign  and  tumor  prostate  specimens  (Eig.  20A).  Extracts  from  archived  human  clinical 
prostatectomy  specimens  were  also  examined  for  expression  of  Ein28  by  Western  blotting.  The 
dataset  contains  42  matched  benign  and  cancer  specimens  and  expression  levels  of  Ein28  were 
higher  in  cancer  tissues  (86%  positive  and  14%  negative)  compared  to  benign  prostate  tissues 
(47%  positive  and  53%  negative)  (Eig.  20B).  Immunohistochemistry  was  performed  in  EEPE 
prostate  clinical  specimens  in  a  TMA  PROS-006  (UC  Davis  Cancer  Center  Biorepository)  with 
Ein28  antibody  (Ab-71415)  and  staining  intensity  was  scored  over  a  scale  of  0-3  (0  =  negative,  1 
=  weak,  2  =  strong  and  3  =  very  strong).  Documentation  of  staining  specificity  for  IHC  is 
presented  in  Suppl.  Eig.  1.  Expression  of  Ein28  was  higher  in  CaP  compared  to  benign  prostates, 
with  no  significant  differences  in  the  pattern  of  expression  with  increasing  Gleason  grade  (Pig. 
20C).  We  observed  strong  nuclear  staining  of  Ein28  in  benign  prostate  tissues  almost  exclusively 
in  the  basal  cell  layer,  with  no  staining  in  the  luminal  epithelial  compartment.  This  can  be 
explained  by  the  following:  1)  Lin28  is  highly  expressed  in  progenitor  cells  and  2)  the  basal  cell 
compartment  is  generally  considered  to  harbor  putative  “prostate  stem  cells”.  Thus,  it  is 
conceivable  that  the  benign  prostate  gland  exhibits  high  expression  of  Ein28  in  the  basal  cell 
layer.  It  is  interesting  to  note  that  an  apparent  shift  from  exclusively  nuclear  localization  to  a 
nuclear+cytoplasmic  or  exclusively  cytoplasmic  localization  appears  to  occur  in  CaP,  which 
would  have  to  be  confirmed  by  further  studies.  Collectively,  these  results  indicate  that  Ein28  is 
overexpressed  in  human  CaP. 
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Lin28  enhances  growth  of  prostate  cancer  cells 

To  test  whether  Lin28  aetivates  a  pro-survival  meehanism  in  CaP  cells,  we  transfected 
Lin28  into  a  panel  of  CaP  cell  lines:  LNCaP,  C4-2B,  DU  145,  LNCaP-S17  and  LNCaP-IL6  and 
into  PZ-HPV7,  a  non-tumorigenic  prostate  epithelial  cell  line.  Lin28  enhanced  the  growth  rate  of 
all  CaP  cell  lines  tested  (Fig.  21A).  To  confirm  these  results,  LNCaP  and  C4-2B  cells  stably 
expressing  Lin28  (LN-Lin28  and  C4-2B-Lin28)  were  generated  and  growth  characteristics 
examined.  Compared  to  control  LNCaP  cells  expressing  the  empty  vector  (LN-neo  and  C4-2B- 
neo),  LN-Lin28  and  C4-2B-Lin28  cells  exhibited  faster  growth  rates  (Fig.  21B&C),  suggesting 
that  Lin28  promotes  growth  of  prostate  cancer  cells  in  vitro.  To  examine  the  effects  of 
downregulation  of  Lin28  on  CaP  growth,  lentiviral  vector-driven  shRNA  against  Lin28  (Open 
Biosystems)  was  transfected  into  C4-2B  cells  and  cell  growth  was  monitored.  Compared  to  cells 
transfected  with  the  EGFP  shRNA,  C4-2B  cells  transfected  with  Lin28  shRNA  exhibited  lower 
rates  of  growth  (Fig.  21D).  Downregulation  of  Lin28  was  confirmed  by  Western  blotting.  These 
data  demonstrated  that  downregulation  of  Lin28  reduces  proliferation  of  CaP  cells. 

Lin28  increases  clonogenic  ability  of  LNCaP  cells 

To  test  whether  Lin28  influences  the  ability  of  CaP  cells  to  form  colonies  in  anchorage- 
dependent  and  independent  conditions,  we  performed  clonogenic  assays  by  transiently 
transfecting  Lin28  into  C4-2B  and  LNCaP-S17  cells.  The  results  showed  that  the  number  of 
colonies  formed  by  C4-2B  cells  expressing  Lin28  was  356±14,  whereas  the  number  of  colonies 
formed  by  control  C4-2B  cells  was  182±10  (Fig.  22A,  left  panel).  Similarly,  the  number  of 
colonies  formed  by  LNCaP-S17  cells  expressing  Lin28  was  392±19,  whereas  the  number  of 
colonies  formed  by  control  LNCaP-S17  cells  was  212±15  (Fig.  22 A,  right  panel).  These 
experiments  were  confirmed  using  LN-Lin28  cells  (LNCaP  cells  stably  expressing  Lin28),  which 
exhibited  a  3.4-fold  increase  in  colony  forming  ability  compared  to  LN-neo  cells  (228±21  vs. 
67±13  colonies)  (Fig.  22B,  left  panel).  These  results  were  also  confirmed  using  LN/TR/Lin28 
cells  (LNCaP  cells  expressing  tet-inducible  Lin28),  which  exhibited  higher  clonogenic  ability 
compared  to  control  LN/TR/Con  cells  upon  doxycycline  induction  (Fig.  22B,  right  panel). 
Collectively,  these  findings  suggest  that  Lin28  enhances  the  ability  of  prostate  cancer  cells  to 
form  colonies  in  anchorage-dependent  conditions. 

To  further  test  whether  Lin28  regulates  anchorage-independent  growth  of  CaP  cells,  we 
performed  soft  agar  colony  formation  assays  with  C4-2B  and  LNCaP-S17  cells  transfected  with 
Lin28  as  described  in  Methods.  The  results  showed  that  Lin28  promoted  the  growth  of  both  C4- 
2B  (Fig.  lie,  left  panel)  and  LNCaP-S17  (Fig.  22C,  right  panel)  cells  in  soft  agar,  compared  to 
control  C4-2B  or  LNCaP-S17  cells  transfected  with  the  empty  vector.  Similarly,  LN-Lin28  cells 
exhibited  significantly  better  ability  to  grow  in  soft  agar,  whereas  control  LN-neo  cells  failed  to 
grow  in  soft  agar  (Fig.  22D,  left  panel),  demonstrating  that  Lin28  confers  soft  agar  colony 
forming  ability  on  CaP  cells. 

Lin28  increases  invasiveness  of  LNCaP  cells 

To  test  whether  Lin28  regulates  the  ability  of  CaP  cells  to  invade  through  matrigel  in 
vitro,  we  performed  Boyden  chamber  invasion  assays  using  LN-Lin28  and  control  LN-neo  cells. 
Cells  were  plated  on  matrigel  in  the  upper  compartment  of  the  Boyden  chamber  and  allowed  to 
invade  towards  the  lower  compartment  filled  with  complete  medium  containing  complete  FBS  or 
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CS-FBS.  The  number  of  LN-Lin28  cells  invading  through  matrigel  in  FBS-containing  medium 
was  118±10,  while  the  number  of  control  cells  invading  through  matrigel  was  60±5  (Fig.  22D, 
right  panel).  Similarly,  the  number  of  LN-Lin28  cells  invading  through  matrigel  in  CS-FBS- 
containing  medium  was  54±6,  while  the  number  of  control  cells  was  4±2  (Fig.  22D,  right  panel), 
indicating  that  Lin28  induces  invasion  of  CaP  cells  through  basement  membrane  in  vitro. 

Lin28  promotes  tumorigenicity  of  CaP  cells  in  vivo 

To  test  whether  the  growth-promoting  effect  of  Lin28  can  be  recapitulated  in  vivo,  we 
injected  2x10^  LN-Lin28  cells  or  control  LN-neo  cells  s.c  into  each  flank  of  male  nude  mice  and 
monitored  their  tumorigenic  ability.  Tumors  were  measured  twice  weekly  and  sera  were 
collected  at  the  end  of  the  experiment  to  confirm  that  the  tumor  cells  secreted  PSA.  We  found 
that  mice  injected  with  LN-Lin28  cells  exhibited  significantly  higher  rates  of  incidence  and 
growth  of  tumors  compared  to  control  LN-neo  cells,  which  formed  very  slow-growing  tumors 
(Fig.  23 A).  Higher  levels  of  secretion  of  PSA  were  observed  in  mice  bearing  tumors  expressing 
Lin28  compared  to  mice  bearing  control  tumors  (Fig.  23B),  indicating  that  higher  expression  of 
Lin28  enhances  expression  of  AR  and  promotes  tumor  growth  of  LNCaP  human  CaP  cells  in 
vivo. 

Lin28  activates  androgen  receptor  signaling  axis 

Since  we  reported  previously  that  hsa-let-7c,  a  miRNA  regulated  by  Lin28,  suppressed 
expression  of  the  AR,  we  examined  whether  Lin28  regulates  expression  of  the  AR.  We 
transfected  a  luciferase  reporter  vector  driven  by  the  full  length  promoter  of  AR  (pGL4-AR- 
Prom-Luc)  into  LN-neo  and  LN-Lin28  cells  and  performed  luciferase  assays.  LN-Lin28  cells 
exhibited  higher  levels  of  activation  of  AR  promoter  compared  to  control  cells  (Fig.  24 A,  left 
panel),  indicating  that  Lin28  may  activate  the  transcription  of  AR  gene.  Next,  we  analyzed  the 
mRNA  levels  of  AR  in  LN-neo  and  LN-Lin28  cells  and  found  that  LN-Lin28  cells  exhibited 
significantly  higher  levels  of  AR  mRNA  (Fig.  24A,  right  panel).  These  results  were  confirmed 
by  Western  blotting  (Fig.  24B,  left  panel).  To  determine  whether  downregulation  of  Lin28 
affects  the  expression  of  AR,  we  transfected  shRNA  against  Lin28  into  C4-2B  cells  and  analyzed 
the  protein  levels  of  AR  by  Western  blotting.  The  results  showed  that  downregulation  of  Lin28 
led  to  a  decrease  in  protein  levels  of  AR  (Fig.  24B,  right  panel),  suggesting  that  Lin28  expression 
is  necessary  for  maintenance  of  AR  expression  in  CaP  cells. 

To  determine  whether  Lin28  regulates  androgen  receptor-dependent  signaling,  we 
analyzed  the  expression  levels  of  PSA  and  NKX3.1,  two  typical  androgen  receptor  target  genes, 
in  LN-neo  and  LN-Lin28  cells  by  qRT-PCR.  The  results  showed  that  expression  levels  of  PSA 
and  NKX3.1  were  enhanced  in  LN-Lin28  cells  (Fig.  24C).  We  analyzed  the  effect  of  Lin28  on 
transactivating  ability  of  AR  using  luciferase  assays.  A  luciferase  reporter  vector  driven  by  the 
full  length  promoter  of  PSA  (PSA-E/P-Luc)  was  transfected  into  LN-neo  and  LN-Lin28  cells 
and  luciferase  assays  were  performed.  The  results  showed  that  Lin28  induced  activity  of  PSA 
promoter  (Fig.  24D,  left  panel),  indicating  that  Lin28  may  contribute  to  increased  transcription  of 
AR-dependent  genes  by  activating  the  AR.  To  confirm  these  findings,  we  analyzed  levels  of  PSA 
in  supernatants  of  LN-neo  and  LN-Lin28  cells  by  ELISA  and  found  that  secretion  of  PSA  by 
LN-Lin28  cells  was  higher  compared  to  LN-neo  cells  (Pig.  24D,  right  panel).  We  also  examined 
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the  effect  of  Lin28  on  recruitment  of  AR  to  the  promoters  of  PSA  and  NKX3.1  genes  by  ChIP 
assays.  The  results  showed  that  recruitment  of  AR  to  ARE  I/II  and  ARE  III  regions  in  PSA  (Pig. 
24E,  left  panel)  as  well  as  ARE  in  NKX3.1  (Pig.  24E,  right  panel)  promoters  was  enhanced  in 
Lin28  expressing  cells  compared  to  controls.  Taken  together,  these  results  demonstrate  that 
Lin28  activates  the  AR  signaling  axis. 

Lin28  induces  resistance  to  AR-targeted  therapies  in  PCa  cells 

As  the  above  studies  indicated  that  NF-KB2/p52  regulates  the  let-7c/Lin28  axis,  we  tested 
whether  overexpression  of  Lin28  confers  resistance  to  anti-androgens  such  as  enzalutamide  and 
bicalutamide  as  well  as  to  the  CYP17A1  inhibitor,  abiraterone.  LN-Lin28  cells  stably  expressing 
Lin28  and  EN-neo  control  cells  were  treated  with  different  concentrations  of  enzalutamide, 
abiraterone  or  bicalutamide  and  cell  growth  was  analyzed.  As  shown  in  Fig.  25  A,  survival  rates 
of  EN-Ein28  cells  were  higher  when  treated  with  enzalutamide,  abiraterone  or  bicalutamide 
compared  to  LN-neo  control  cells.  Fig.  25B  shows  the  expression  of  Lin28  in  LN-Lin28  cells 
treated  with  enzalutamide,  abiraterone  or  bicalutamide.  These  results  were  further  confirmed 
with  anchorage-dependent  clonogenic  assays  after  treatment  with  enzalutamide,  abiraterone  or 
bicalutamide.  As  shown  in  Fig.  25C  &  D,  numbers  of  colonies  formed  by  LN-neo  control  cells 
were  reduced  by  '-'50%  when  treated  with  enzalutamide,  abiraterone  or  bicalutamide,  while 
numbers  of  colonies  formed  by  LN-Lin28  cells  were  only  reduced  by  -'5-10%.  Similarly,  we 
performed  anchorage-independent  soft  agar  assays  to  test  the  ability  of  LN-Lin28  cells  to  form 
colonies  in  soft  agar  after  treatment  with  enzalutamide,  abiraterone  or  bicalutamide.  As  shown  in 
Fig.  25E  &  F,  ability  of  LN-neo  control  cells  to  form  colonies  in  soft  agar  was  significantly 
diminished  by  treatment,  while  the  ability  of  LN-Lin28  cells  to  form  colonies  in  soft  agar  was 
not  affected  significantly.  We  also  tested  AR  nuclear  translocation  using  immunoblots  with 
specific  antibodies  against  AR  (Fig.  26A),  recruitment  to  AREs  using  ChIP  assays  (Fig.  26B) 
and  expression  of  AR  target  genes  using  qPCR  and  ELISA  (Fig.  26C,  D  &  E)  to  confirm  that 
cells  expressing  Lin28  maintain  activation  of  the  AR  even  when  treated  with  enzalutamide, 
abiraterone  or  bicalutamide,  rendering  the  cells  resistant  to  apoptosis  induced  by  these  drugs. 
These  results  collectively  demonstrate  that  Lin28  enhances  the  resistance  of  PCa  cells  to  AR- 
targeted  therapeutics.  Alternative  splicing  of  the  AR  has  been  implicated  as  one  of  the 
mechanisms  mediating  resistance  to  anti-androgens  in  PCa  cells.  To  further  dissect  the 
mechanism  through  which  cells  expressing  Lin28  acquire  resistance  to  anti-androgens,  we 
analyzed  the  levels  of  AR  splice  variants  as  well  as  levels  of  hnRNP  proteins  in  LN-neo  and  LN- 
Lin28  cells.  Our  results  showed  that  LN-Lin28  cells  express  significantly  higher  levels  of  both 
AR-V7  and  hnRNP  A 1  (Fig.  27A  &  B).  Therefore,  we  examined  whether  higher  expression 
levels  of  AR-V7  and  hnRNP  A 1  are  relevant  for  the  acquired  resistance  of  LN-Lin28  cells  to 
anti-androgens.  siRNAs  against  either  full  length  AR  or  AR-V7  were  transfected  into  LN-neo 
and  LN-Lin28  cells  and  it  was  found  that  while  downregulation  of  either  AR  or  AR-V7  did  not 
affect  the  viability  of  LN-Lin28  cells  treated  with  vehicle,  downregulation  of  either  full  length 
AR  or  AR-V7  enhanced  the  sensitivity  of  LN-Lin28  cells  to  enzalutamide  (Fig.  27C).  Similarly, 
downregulation  of  hnRNP  A 1  or  hnRNPA2  resensitized  LN-Lin28  cells  to  enzalutamide, 
abiraterone  or  bicalutamide  (Fig.  27D).  Next,  we  tested  whether  downregulation  or 
overexpression  of  hnRNP  A 1  affects  expression  of  AR-V7  in  LN-Lin28  cells.  As  shown  in  Fig. 
27E  &  F,  downregulation  of  hnRNPAl  reduced  AR-V7  levels,  while  overexpression  of 
hnRNP  A 1  increased  AR-V7  levels  in  LN-Lin28  cells.  These  results  collectively  demonstrate  that 
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alternative  splicing  of  AR  leading  to  higher  expression  of  AR-V7  which  is  mediated  by 
hnRNPAl  plays  a  major  role  in  acquired  resistance  of  PCa  cells  expressing  Lm28. 

Next,  we  tested  whether  Lm28  mediates  the  acquired  resistance  of  LN-p52  cells  to 
enzalutamide.  Specific  shRNA  against  Lin28  was  transfected  into  LN-neo  control  and  LN-p52 
cells  and  the  cells  were  subjected  to  enzalutamide  treatment.  As  shown  in  Fig.  28 A, 
downregulation  of  Lm28  enhanced  the  sensitivity  of  LN-p52  cells  to  enzalutamide.  LN-p52  cells 
transfected  with  shRNA  against  Lin28  exhibited  a  -40-50%  reduction  in  cell  survival  compared 
to  LN-p52  cells  transfected  with  the  control  shRNA  when  treated  with  enzalutamide.  Fig.  28A 
right  panel  shows  the  confirmation  of  downregulation  of  Lin28  by  shRNA.  Knocking  down 
Lm28  expression  reduced  expression  levels  of  most  alternative  splicing  forms  of  AR  (Fig.  28B, 
C,  D,  E,  F  &  G).  These  results  indicate  that  Lm28  may  mediate  the  acquisition  of  resistance  to 
enzalutamide  in  PCa  cells. 

CaP  cells  expressing  NF-KB2/p52  are  resistant  to  Enzalutamide  and  Bicalutamide 

Next,  we  tested  whether  regulation  of  AR  expression  by  the  p52-Lin28-Myc-let-7c  axis 
plays  a  role  in  development  of  drug  resistance.  LN-neo  (LNcaP  cells  expressing  the  empty 
vector)  and  LN-p52  cells  (LNCaP  cells  stably  expressing  p52)  were  treated  with  0,  and  20  pM 
Enzalutamide  or  Bicalutamide  in  media  containing  either  complete  EBS  or  charcoal-stripped 
EBS  and  cell  growth  was  examined  after  48  h.  DMSO  was  used  as  the  vehicle  control.  As  shown 
in  Eig.  29A,  cells  stably  expressing  p52  exhibited  better  cell  survival  ability  when  exposed  to 
Enzalutamide  or  Bicalutamide  compared  to  control  LN-neo  cells.  To  confirm  these  experiments, 
we  treated  LN-neo  or  LN-p52  cells  with  0,  20  and  40  pM  Enzalutamide  or  Bicalutamide  and 
performed  clonogenic  assays.  As  shown  in  Eig.  29B,  LN-neo  cells  were  highly  sensitive  to  both 
Enzalutamide  and  Bicalutamide  and  formed  fewer  colonies,  whereas  the  number  of  colonies 
formed  by  cells  expressing  p52  was  significantly  higher,  indicating  that  NE-KB2/p52  may  induce 
resistance  to  Enzalutamide  and  Bicalutamide  in  CaP  cells.  These  results  collectively  demonstrate 
that  CaP  cells  expressing  higher  levels  of  NP-KB2/p52  are  more  resistant  to  Enzalutamide  and 
Bicalutamide  compared  to  cells  which  do  not  express  p52. 

CaP  cells  chronically  treated  with  Enzalutamide  exhibit  higher  levels  of  NF-KB2/p52 

To  test  whether  CaP  cells  resistant  to  Enzalutamide  exhibit  higher  levels  of  p52,  we 
treated  CWR22Rvl  cells  with  5-10  pM  Enzalutamide  chronically  for  >10  months.  The  resultant 
cells  showed  higher  cell  survival  rates  when  treated  with  Enzalutamide.  We  examined  the 
expression  levels  of  NF-KB2/p52  in  these  cells  by  qRT-PCR  and  by  Western  blotting.  As  shown 
in  Eig.  30 A,  CWR22Rvl  cells  treated  chronically  with  Enzalutamide  exhibited  higher  levels  of 
both  precursor  pi 00  as  well  as  p52,  indicating  that  CaP  cells  resistant  to  Enzalutamide  may 
upregulate  the  endogenous  levels  of  NE-KB2/p52.  To  test  whether  downregulation  of  p52 
resensitizes  these  cells  to  Enzalutamide,  we  transfected  shRNAs  specific  to  p52  into  CWR22Rvl 
cells  treated  chronically  with  Enzalutamide  (expressing  higher  levels  of  p52)  and  examined  cell 
growth  after  24  and  48  h.  Downregulation  of  p52  after  transfection  was  confirmed  by  qRT-PCR. 
As  shown  in  Pig.  SOB,  cells  transfected  with  p52  shRNA  were  increasingly  sensitive  to 
Enzalutamide  compared  to  control  CWR22Rvl-Enza-R  cells,  indicating  that  expression  of  p52 
may  be  necessary  for  the  survival  of  cells  treated  chronically  with  Enzalutamide.  These  results 
collectively  demonstrate  that  NF-KB2/p52  may  regulate  the  induction  of  resistance  to 
Enzalutamide  in  CaP  cells. 
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NF-KB2/p52  enhances  expression  of  AR  splice  variants 

It  has  been  shown  that  higher  levels  of  AR  spliee  variants  may  be  responsible  for  the 
resistanee  to  Enzalutamide  in  CaP,  henee  we  tested  whether  NF-KB2/p52  regulates  the 
expression  of  AR  spliee  variants.  Total  RNAs  from  LNCaP  and  C4-2B  eells  transfeeted  with 
either  empty  veetor  or  p52  in  media  eontaining  either  eomplete  or  ehareoal-stripped  FBS  (CS- 
FBS)  were  analyzed  by  qRT-PCR  for  the  expression  levels  of  full  length  AR  as  well  as  the  major 
spliee  variant  AR-V7.  As  shown  in  Fig.  31  A,  expression  of  p52  enhaneed  the  expression  levels 
of  the  spliee  variant  AR-V7  in  both  FBS  and  CS-FBS,  while  expression  of  full  length  AR 
remained  unehanged  in  FNCaP  eells  (left  panel).  These  results  were  eonfirmed  by  Western 
blotting  using  antibodies  speeifie  for  full  length  AR  and  AR-V7  (right  panel).  Similar  results 
were  observed  in  C4-2B  eells,  in  whieh  expression  of  p52  enhaneed  the  expression  levels  of  AR- 
V7  while  expression  levels  of  full  length  AR  were  unaffeeted  (Fig.  3 IB).  To  substantiate  these 
results,  we  examined  expression  levels  of  full  length  AR  and  AR-V7  in  FN-neo  and  FN-p52 
eells  by  qRT-PCR  and  Western  blotting  and  found  that  expression  levels  of  AR-V7  were 
elevated  in  FN-p52  eells  eompared  to  FN-neo  eells  (Fig.  3 1C).  These  findings  demonstrate  that 
NF-KB2/p52  may  induee  upregulation  of  the  expression  of  AR-V7. 

Downregulation  of  NF-KB2/p52  abrogates  expression  of  AR  splice  variants 

Next,  we  tested  whether  NF-KB2/p52  was  neeessary  for  the  enhaneed  expression  of  AR 
spliee  variants.  VCaP  and  CWR22Rvl  CaP  eells  express  endogenous  levels  of  AR  spliee 
variants,  AR-Vl,  AR-V5,  AR-V7,  AR-l/2/2b  and  AR-l/2/3/2b.  We  transfeeted  shRNA  speeifie 
to  p52  into  VCaP  and  CWR22Rvl  eells  and  examined  the  expression  levels  of  these  spliee 
variants  by  qRT-PCR  using  speeifie  primers.  As  shown  in  Fig.  32A  and  B  (left  panels), 
downregulation  of  p52  redueed  the  expression  levels  of  most  of  the  spliee  variants  signifieantly, 
while  levels  of  full  length  AR  remained  unaffeeted.  These  results  were  eonfirmed  for  AR-V7 
expression  by  Western  blotting  using  antibodies  speeifie  against  AR-V7  and  FF  AR  in  VCaP  and 
CWR22Rvl  eells  (Fig.  32A  and  B,  right  panels),  indieating  that  expression  of  p52  may  be 
neeessary  for  the  synthesis  of  AR  spliee  variants. 

Downregulation  of  full  length  AR  and  AR-V7  increase  sensitivity  of  p52-expressing  CaP 
cells  to  Enzalutamide 

FNCaP  cells  stably  expressing  p52  (FN-p52)  exhibit  higher  levels  of  AR-V7.  To  test 
whether  full  length  AR  or  AR-V7  play  a  role  in  the  p52-induced  resistance  to  Enzalutamide,  we 
transfected  siRNAs  specific  against  either  full  length  AR  or  AR-V7  into  FN-neo  and  FN-p52 
cells  and  monitored  cell  growth  in  response  to  Enzalutamide.  As  shown  in  Fig.  33A, 
downregulation  of  either  FF  AR  or  AR-V7  reduced  growth  of  control  FN-neo  cells  by  ~20%, 
and  enzalutamide  itself  reduced  growth  of  FN-neo  cells  by  '-'50%.  No  additional  reduction  of 
growth  was  observed  in  FN-neo  cells  when  FF  AR  or  AR-V7  was  downregulated  in  the  presence 
of  enzalutamide,  showing  that  inhibition  of  either  FF  AR  or  AR-V7  had  no  effect  on  the 
sensitivity  of  FN-neo  cells  to  Enzalutamide.  In  FN-p52  cells  which  express  higher  levels  of  AR- 
V7,  downregulation  of  either  FF  AR  or  AR-V7  reduced  growth  by  --50%  in  the  presence  of 
Enzalutamide,  thus  resensitizing  FN-p52  cells  to  Enzalutamide.  These  results  suggest  that 
resistance  of  FN-p52  cells  to  Enzalutamide  is  mediated  by  alterations  in  the  AR  signaling 
pathway  and  demonstrate  that  activation  of  the  AR  axis  by  p52  plays  an  important  role  in  the 
p52-induced  resistance  to  Enzalutamide.  To  confirm  these  results  and  test  whether 
downregulation  of  full  length  AR  or  AR-V7  modulates  p52-induced  AR  activation,  we  co- 
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transfected  a  luciferase  reporter  containing  the  enhancer  and  promoter  regions  of  PSA  (PSA-E/P- 
Luc)  along  with  p52  and  siRNAs  against  full  length  AR  or  AR-V7  into  VCaP  and  CWR22Rvl 
cells.  The  cells  were  treated  with  either  vehicle  or  20  pM  Enzalutamide  and  luciferase  assays 
performed.  As  shown  in  Eig.  33B,  p52-induces  activation  of  AR-mediated  target  gene 
transcription,  which  was  abolished  by  downregulation  of  either  EE  AR  or  AR-V7.  p52-induced 
activation  of  AR  was  unaffected  by  Enzalutamide  treatment.  Treatment  with  Enzalutamide 
further  enhanced  the  suppressive  effect  of  siRNAs  against  EE  AR  or  AR-V7  on  p52-induced 
AR-mediated  target  gene  transcription.  These  results  demonstrate  that  activation  of  AR  signaling 
is  necessary  for  the  p52-induced  resistance  against  Enzalutamide.  Similar  results  were  obtained 
in  CWR22Rvl  cells  (Eig.  33C),  demonstrating  that  the  interplay  between  full  length  AR,  AR-V7 
and  NE-KB2/p52  may  be  critical  in  the  development  of  resistance  to  Enzalutamide  in  CaP  cells. 
These  results  implicate  the  activation  of  the  AR  signaling  axis  by  p52  via  full  length  AR  and  its 
splice  variants  as  being  responsible  for  the  induction  of  resistance  against  enzalutamide. 

HnRNPAl  regulates  the  expression  of  AR  variants 

It  is  known  that  AR  variants  are  generated  by  alternative  splicing  of  the  precursor  AR 
mRNA,  and  that  splicing  factors  are  involved  in  the  process.  To  test  whether  generation  of  AR 
variants  by  alternative  splicing  is  dependent  upon  expression  of  hnRNPs  in  PCa  cells  which 
express  endogenous  levels  of  AR  variants,  we  transfected  siRNAs  specific  against  hnRNPAl 
and  hnRNPA2  into  22Rvl  and  VCaP  prostate  cancer  cells  which  express  detectable  levels  of  AR 
splice  variants  and  tested  whether  expression  levels  of  full  length  AR  as  well  as  of  variants  such 
as  AR-V7,  AR-Vl,  AR-V5,  AR-l/2/2b  and  AR-l/2/3/2b  are  affected  by  downregulation  of 
hnRNPs  using  qRT-PCR.  As  shown  in  Pig.  34A  and  B,  downregulation  of  hnRNPAl  and 
hnRNPA2  decreased  the  expression  levels  of  AR  variants  in  both  22Rvl  and  VCaP  prostate 
cancer  cells.  Insets  in  Pig.  34A  and  B  confirm  the  downregulation  of  hnRNPAl  and  hnRNPA2 
by  specific  siRNAs.  The  downregulation  of  hnRNPAl  and  the  resultant  suppression  of  AR-V7 
protein  levels  were  confirmed  by  Western  blot  analysis  (Pig.  34C).  The  protein  levels  of  the  AR- 
V7  variant  were  decreased  in  both  22Rvl  and  VCaP  cells  transfected  with  hnRNPAl  siRNA, 
using  either  specific  antibodies  against  AR-V7  or  monoclonal  antibodies  against  AR  (AR-441) 
which  detect  all  forms  of  AR.  These  results  indicate  that  hnRNPAl  may  regulate  the  generation 
of  AR  splice  variants  in  prostate  cancer  cells. 

Next,  we  tested  whether  overexpression  of  hnRNPAl  affects  the  expression  levels  of  AR 
splice  variants  in  LNCaP  prostate  cancer  cells.  LNCaP  cells  were  transfected  with  plasmids 
expressing  the  full  length  hnRNPAl  cDNA  and  levels  of  AR  variants  were  analyzed  by  Western 
blotting  and  qRT-PCR.  As  shown  in  Pig.  34D,  overexpression  of  hnRNPAl  enhanced  AR-V7 
protein  levels  in  ENCaP  cells  which  possess  undetectable  endogenous  levels  of  AR-V7  protein. 
qRT-PCR  confirmed  that  overexpression  of  hnRNPAl  significantly  enhanced  the  mRNA  levels 
of  AR-V7,  AR-V5,  AR-l/2/2b  and  AR-l/2/3/2b  variants  in  ENCaP  cells  (Pig.  34E).  Inset  in  Pig. 
34E  confirms  the  overexpression  of  hnRNPAl  after  transfection  in  ENCaP  cells.  These  results 
using  downregulation  as  well  as  overexpression  of  hnRNPAl  suggest  that  hnRNPAl  plays  an 
important  role  in  the  generation  of  AR  splice  variants. 

Association  of  hnRNPAl  with  splice  variant  mRNAs  is  increased  in  enzalutamide-  resistant 
cells 

We  analyzed  the  hnRNP  binding  sites  (UAGGGA)  in  AR  mRNA  using  sequence 
analysis  and  the  ESE  finder  program  and  found  that  hnRNPAl  and  hnRNP A2  binding  sites  exist 
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in  the  full  length  AR  mRNA.  In  order  to  determine  whether  hnRNPAl  is  assoeiated  with  AR 
splice  variant  mRNAs,  we  performed  RNA  Immunoprecipitation  (RIP)  assays  using  specific 
antibodies  against  hnRNPAl  and  hnRNPA2  in  22Rvl  vs.  22Rvl-Enza-R  and  C4-2B  vs.  C4-2B- 
Enza-R  cell  lines.  The  22Rvl-Enza-R  and  C4-2B-Enza-R  cell  lines  were  generated  by  chronic 
exposure  to  enzalutamide  and  display  resistance  to  enzalutamide  [11,  12].  As  shown  in  Eig. 
35A&B,  the  degree  of  association  between  AR-V7  transcript  and  hnRNPAl  was  significantly 
higher  in  22Rvl-Enza-R  cells  compared  to  parental  22Rvl  cells,  indicating  that  hnRNPAl  may 
promote  generation  of  AR-V7  splice  variant  in  PCa  cells  resistant  to  enzalutamide.  Even  though 
the  association  of  hnRNPA2  with  AR-V7  mRNA  was  also  enhanced  in  22Rvl-Enza-R  cells 
compared  to  22Rvl  cells,  the  degree  of  association  was  much  higher  in  the  case  of  hnRNPAl 
than  with  hnRNPA2  (Pig.  35A&B).  We  also  analyzed  association  between  other  splice  variants 
such  as  AR-Vl,  AR-V5,  AR-l/2/2b  and  AR-l/2/3/2b  and  hnRNPAl.  As  shown  in  Suppl.  Pig. 
lA  &  B,  association  between  hnRNPAl  and  AR-l/2/2b  transcript  alone  was  significantly  higher 
in  22Rvl-Enza-R  cells,  indicating  that  hnRNPAl  may  play  a  selective  role  in  generation  of  AR 
splice  variants.  In  addition,  we  analyzed  the  association  of  hnRNPA2  with  AR  splice  variants 
other  than  AR-V7.  As  shown  in  Suppl.  Pig.  lA  &  B,  association  of  hnRNPA2  with  AR-l/2/3/2b 
was  significantly  enhanced  in  22Rvl-Enza-R  cells.  These  results  imply  that  different  splicing 
factors  may  function  co-operatively  to  promote  generation  of  AR  splice  variants  in 
enzalutamide-resistant  PCa  cells.  These  results  also  confirm  that  hnRNP  proteins  physically 
associate  with  AR  splice  variant  mRNAs  with  the  degree  of  association  increasing  in  PCa  cells 
resistant  to  enzalutamide,  indicating  that  hnRNP  proteins  may  drive  the  generation  of  AR  splice 
variants  leading  to  enzalutamide  resistance. 

When  the  C4-2B  vs.  C4-2B-Enza-R  cell  line  pair  was  analyzed,  we  found  that  association 
of  hnRNPAl  with  AR-V7,  AR-V5,  AR-l/2/2b  and  AR-l/2/2b  mRNAs  was  significantly 
enhanced  in  C4-2B-Enza-R  cells  compared  to  parental  C4-2B  cells,  while  association  of 
hnRNP A2  with  AR-V7,  AR-l/2/2b  and  AR-l/2/3/2b  mRNAs  was  significantly  enhanced  in  C4- 
2B-Enza-R  cells  compared  to  parental  C4-2B  cells  (Pig.  35C&D  and  Suppl.  Pig.  1C  &  D).  In  all 
cases,  the  fold  enrichment  of  association  of  hnRNPAl  with  AR  splice  variants  was  much  higher 
compared  to  hnRNP A2,  indicating  that  hnRNPAl  may  play  a  more  central  role  in  promoting  the 
expression  of  AR  splice  variants.  These  results  collectively  demonstrate  that  different  splicing 
factors  may  play  context-  and  cell  type-dependent  roles  in  PCa  cells  in  alternative  splicing  of  the 
AR  transcript. 

Expression  levels  of  hnRNPAl  are  elevated  in  PCa  tissues 

To  determine  whether  increased  expression  of  splicing  factors  and  AR  variants  is 
associated  with  prostate  cancer,  we  examined  the  expression  levels  of  hnRNPAl  and  hnRNP A2 
by  Western  blotting  in  lysates  from  27  archived  paired  benign  and  tumor  PCa  clinical  samples. 
As  shown  in  Pig.  36A  and  Suppl.  Pig.  2A,  levels  of  hnRNPAl  and  hnRNP A2  were  elevated  in 
-44%  of  the  tumor  tissues  examined  compared  to  their  matched  benign  tissues.  These  results 
were  correlated  well  with  the  protein  expression  levels  of  AR-V7,  which  were  enhanced  in  - 
48%  of  the  tumor  tissues  examined,  compared  to  their  benign  counterparts  (Pig.  36B  and  Suppl. 
Pig.  2A).  In  addition,  expression  levels  of  hnRNPAl  were  low  or  undetectable  in  9/12  of  donor 
prostates,  while  expression  levels  of  hnRNP A2  were  low  or  undetectable  in  6/12  of  donor 
prostates.  These  observations  were  also  correlated  with  expression  levels  of  AR-V7  in  donor 
tissues  which  were  low  or  undetectable  in  8/12  tissues  (Pig.  36B  and  Suppl.  Pig.  2A). 
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To  confirm  these  findings  in  another  sample  set,  we  analyzed  the  mRNA  expression 
levels  of  hnRNPAl,  hnRNPA2  and  AR-V7  in  archival  total  RNAs  extracted  from  10  pairs  of 
matched  benign  and  tumor  elinical  PCa  samples  deseribed  previously  [13,  14],  As  shown  in  Fig. 
36C,  transeript  levels  of  hnRNPAl  were  elevated  in  5/10  of  tumor  tissues  eompared  to  their 
matehed  benign  tissues  with  no  appreciable  differences  between  tumor  and  benign  being 
observed  in  the  other  5/10  of  samples.  Transeript  levels  of  AR-V7  were  elevated  in  6/10  tumor 
tissues  compared  to  their  matched  benign  counterparts  (Fig.  36D),  demonstrating  that  expression 
of  hnRNPAl  and  AR-V7  may  be  positively  eorrelated  with  each  other  in  human  PCa  speeimens. 
No  signifieant  differenees  were  observed  in  mRNA  levels  of  hnRNPA2  between  matched  tumor 
and  benign  prostate  tissues  (Suppl.  Fig.  2B). 

To  further  confirm  our  findings,  we  analyzed  expression  levels  of  hnRNPAl  and 
hnRNPA2  in  elinical  prostate  eaneer  tissues  using  publiely  available  datasets  from  Gene 
Expression  Omnibus  (GEO)  and  Oncomine.  As  shown  in  Eig.  36E&E  and  Suppl.  Eig.  2C,  results 
from  an  analysis  of  Oneomine  datasets  revealed  that  expression  levels  of  hnRNPAl  and 
hnRNPA2  are  significantly  elevated  in  prostate  tumor  tissues  compared  to  benign  prostates  in 
17/21  and  15/21  datasets  respectively.  An  analysis  of  GEO  revealed  that  expression  levels  of 
hnRNPAl  and  hnRNPA2  were  elevated  in  primary  as  well  as  metastatic  PCa  compared  to 
benign  prostates  (Pig.  36G&H  and  Suppl.  Pig.  2D).  Data  regarding  expression  levels  of  AR 
splice  variants  were  not  available  in  these  datasets,  but  nonetheless,  these  results  indicate  that 
elevated  levels  of  hnRNPAl  may  contribute  to  PCa  development  and  progression.  Our  findings 
correlate  well  with  studies  showing  that  expression  levels  of  AR-V7  are  elevated  in  -“40%  of 
CRPC  tissues  [15,  16],  indicating  that  elevated  expression  of  hnRNPAl  in  prostate  tumors  may 
contribute  to  generation  of  higher  levels  of  AR  variants. 

Expression  of  hnRNPAl  is  regulated  by  c-Myc 

Next,  we  examined  the  mechanisms  involved  in  the  elevated  expression  of  hnRNPAl  in 
PCa  cells.  Previous  studies  indicated  that  hnRNPAl  and  c-Myc  exhibit  positive  reeiprocal 
regulation  [17].  C-Myc  enhances  hnRNPAl  expression  transcriptionally,  while  hnRNPAl 
regulates  e-Mye  via  alternative  splieing.  To  determine  whether  this  mutual  regulation  holds  true 
in  PCa,  we  analyzed  the  status  of  e-Myc  or  hnRNPAl  when  the  expression  of  either  was 
downregulated  in  PCa  eells.  22Rvl  and  VCaP  eells  were  transfeeted  with  shRNA  against  c-Myc 
and  the  resultant  cell  lysates  were  subjected  to  Western  blotting  using  specifie  antibodies  against 
hnRNPAl.  Downregulation  of  c-Myc  reduced  protein  levels  of  hnRNPAl  signifieantly  (Pig. 
37A).  Similarly,  ENCaP,  22Rvl  and  VCaP  prostate  eaneer  cells  were  transfected  with  siRNA 
against  hnRNPAl  and  the  eell  lysates  were  subjeeted  to  Western  blotting  using  specific 
antibodies  against  c-Mye.  Downregulation  of  hnRNPAl  reduced  protein  levels  of  c-Mye  (Pig. 
37B).  These  results  confirm  that  hnRNPAl  and  c-Myc  exhibit  reciproeal  regulation  in  PCa  cells. 
We  also  analyzed  whether  reduetion  in  hnRNPAl  levels  by  c-Myc  shRNA  affects  expression  of 
AR  splice  variants  in  22Rvl  and  VCaP  cells  whieh  exhibit  endogenous  levels  of  AR  spliee 
variants.  As  shown  in  Pig.  37B,  C  and  D,  Western  blotting  and  qRT-PCR  analyses  showed  that 
levels  of  AR  variants,  including  that  of  AR-V7,  were  abrogated  due  to  depletion  of  hnRNPAl 
caused  by  downregulation  of  c-Myc.  These  findings  support  an  important  role  for  e-Mye  in  the 
generation  of  AR  spliee  variants. 

NF-kappaB2/p52  regulates  AR-V7  expression  via  hnRNPAl  and  c-Myc 
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Our  previous  studies  demonstrated  that  aetivation  of  NF-KB2/p52  promotes  progression 
to  CRPC  and  enzalutamide  resistanee  via  the  generation  of  AR  variants,  speeifioally  AR-V7  [11, 
18,  19].  Our  previous  findings  also  indieated  that  NF-KB2/p52  may  regulate  c-Mye  expression 
(Nadiminty  et  ah,  unpublished  observations).  Henee,  we  examined  whether  NF-KB2/p52  plays  a 
role  in  the  elevated  expression  of  hnRNPAl  and  e-Myc  in  PCa.  We  examined  lysates  from 
LNCaP  cells  stably  expressing  p52  (LN-p52)  by  Western  blotting  to  determine  the  expression 
levels  of  AR-V7,  hnRNPAl,  hnRNPA2  and  c-Myc.  As  shown  in  Fig.  38A  left  panel,  protein 
levels  of  AR-V7,  hnRNPAl  and  c-Myc  were  elevated  in  cells  expressing  p52,  while  no 
appreciable  differences  were  found  in  the  expression  of  hnRNPA2.  These  results  were  confirmed 
using  LNCaP  cells  expressing  p52  under  the  control  of  a  Tet- inducible  promoter  (LN/TR/p52). 
As  shown  in  Fig.  38A  right  panel,  induction  of  p52  expression  by  doxycycline,  led  to  increases 
in  expression  levels  of  AR-V7,  hnRNPAl  and  c-Myc,  indicating  that  upregulation  of  AR-V7  by 
p52  may  be  mediated  by  hnRNPAl  and  c-Myc.  To  examine  the  association  between  hnRNPAl, 
c-Myc  and  AR-V7  in  LN-p52  cells,  we  transfected  siRNAs  against  either  hnRNPAl  or 
hnRNPA2  into  LN-p52  cells  and  analyzed  levels  of  AR-V7  by  Western  blotting.  As  shown  in 
Fig.  38B  left  panel,  downregulation  of  hnRNPAl  by  siRNA  abrogated  the  expression  of  AR-V7 
in  LN-p52  cells,  while  downregulation  of  hnRNPA2  did  not  have  an  appreciable  effect  on  AR- 
V7  protein  levels.  Protein  levels  of  c-Myc  were  also  downregulated,  keeping  in  line  with  earlier 
findings  that  hnRNPAl  and  c-Myc  regulate  each  other  [17].  Expression  levels  of  other  AR 
splice  variants  also  showed  a  decrease  when  hnRNPAl  was  downregulated  (Suppl.  Fig.  3A).  In 
addition,  we  transfected  shRNA  against  c-Myc  into  LN-p52  cells  and  found  that  expression  of 
hnRNPAl  and  AR-V7  were  abolished  as  a  result  of  downregulation  of  c-Myc  expression  (Fig. 
38B  middle  panel).  Expression  levels  of  other  AR  splice  variants  were  also  decreased  when  c- 
Myc  was  downregulated  (Suppl.  Eig.  3B). 

In  order  to  confirm  these  findings  in  a  cell  line  with  constitutive  expression  of  both  p52 
and  AR-V7,  we  transfected  shRNA  against  p52  into  22Rvl  cells  and  analyzed  expression  levels 
of  AR-V7,  hnRNPAl  and  c-Myc  by  immunoblotting.  As  shown  in  Pig.  38B  right  panel, 
downregulation  of  p52  in  22Rvl  cells  abrogated  expression  of  AR-V7,  hnRNPAl  and  c-Myc. 
These  results  demonstrate  that  NP-KB2/p52  may  modulate  generation  of  AR  splice  variants  by 
regulation  of  hnRNPAl  and  c-Myc. 

PCa  cells  resistant  to  enzalutamide  exhibit  higher  levels  of  splicing  factors 

As  our  results  demonstrate  that  expression  of  hnRNPAl  and  AR  variants  may  be 
positively  correlated  with  each  other  in  PCa  cells,  and  AR-V7  expression  has  been  shown  to  be 
involved  in  the  acquisition  of  resistance  to  enzalutamide  [11,  20],  we  tested  the  correlation 
between  levels  of  AR  variants  and  hnRNPAl  using  Western  blotting  in  PCa  cells  that  have 
acquired  resistance  to  enzalutamide.  Whole  cell  lysates  from  enzalutamide-resistant  22Rvl- 
Enza-R  and  C4-2B-Enza-R  cells  were  analyzed  by  Western  blotting  using  specific  antibodies 
against  AR-V7  and  hnRNPAl.  As  shown  in  Pig.  38C,  both  PCa  cell  lines  exhibited  higher  levels 
of  AR-V7  as  well  as  of  hnRNPAl,  indicating  that  expression  of  hnRNPAl  may  be  positively 
correlated  with  expression  of  AR  splice  variants.  Purthermore,  expression  levels  of  c-Myc  and 
NP-KB2/p52  were  also  elevated  in  enzalutamide-resistant  cells,  confirming  the  importance  of  the 
NP-KB2/p52:c-Myc:hnRNPAl;AR-V7  axis  in  enzalutamide  resistance.  We  also  tested  the 
expression  levels  of  hnRNPA2  in  PCa  cells  that  have  acquired  resistance  to  enzalutamide.  Whole 
cell  lysates  from  22Rvl-Enza-R  and  C4-2B-Enza-R  cells  were  analyzed  by  Western  blotting 
using  specific  antibodies  against  hnRNPA2.  No  significant  differences  were  observed  in  the 
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expression  of  hnRNPA2  (Fig.  38C  right  and  middle  panels).  To  confirm  these  results  in  vivo,  we 
analyzed  extracts  from  xenograft  tumors  derived  from  C4-2B  and  C4-2B-Enza-R  cells  by 
Western  blotting  using  antibodies  against  AR-V7  and  hnRNPAl.  As  shown  in  Fig.  38C  right 
panel,  higher  levels  of  AR-V7  were  observed  in  xenografts  derived  from  C4-2B-Enza-R  cells, 
which  was  correlated  well  with  higher  levels  of  hnRNPAl  and  c-Myc,  confirming  our 
observations  that  expression  of  AR  splice  variants  is  positively  correlated  with  expression  of 
hnRNPAl  in  PCa  cell  lines  resistant  to  enzalutamide. 

Next,  we  tested  whether  downregulation  of  hnRNPAl  affects  endogenous  levels  of  AR 
splice  variants  in  22Rvl-Enza-R  cells.  As  shown  in  Pig.  38D  left  panel,  transfection  of  siRNA 
against  hnRNPAl  abrogated  levels  of  AR-V7  in  22Rvl-Enza-R  cells.  Similarly,  downregulation 
of  c-Myc  by  specific  shRNA  reduced  expression  levels  of  AR-V7  and  hnRNPAl  in  22Rvl  and 
22Rvl-Enza-R  cells  (Pig.  38D  right  panel),  confirming  the  c-Myc:  hnRNPAl:  AR-V7  axis  in 
PCa  cells. 

To  confirm  the  importance  of  the  link  between  NP-KB2/p52,  c-Myc,  hnRNPAl  and  AR- 
V7  in  PCa,  we  analyzed  the  correlation  between  their  expression  levels  at  mRNA  and  protein 
levels  in  paired  benign  and  tumor  prostate  clinical  samples.  As  shown  in  Pig.  38E,  mRNA  (left 
panel)  and  protein  (right  panel)  levels  of  NP-KB2/p52,  c-Myc,  hnRNPAl  and  AR-V7  were 
positively  correlated  with  each  other,  demonstrating  that  the  NP-KB2/p52:c-Myc:hnRNPAl:AR- 
V7  axis  plays  a  vital  role  in  PCa  and  in  the  development  of  castration  and  therapy  resistance. 

Suppression  of  hnRNPAl  resensitizes  enzalutamide-resistant  PCa  cells  to  enzalutamide 

As  the  expression  of  AR-V7  has  been  shown  to  be  required  for  the  development  of 
resistance  to  enzalutamide  [2],  and  to  examine  the  functional  relevance  of  regulation  of  AR 
alternative  splicing  by  hnRNPAl,  we  tested  whether  downregulation  of  hnRNPAl  resulting  in 
decreased  levels  of  AR-V7  resensitizes  enzalutamide-resistant  22Rvl-Enza-R  cells  to 
enzalutamide.  We  treated  22Rvl  and  22Rvl-Enza-R  cells  transfected  with  siRNAs  against 
hnRNPAl  and  hnRNPA2  with  0  and  20  pM  enzalutamide  for  24  h  and  examined  cell  survival. 
As  shown  in  Pig.  39A  left  panel,  reduced  expression  of  hnRNPAl  enhanced  the  sensitivity  of 
enzalutamide-resistant  22Rvl-Enza-R  cells  to  enzalutamide,  indicating  that  upregulation  of  AR- 
V7  expression  by  hnRNPAl  may  be  required  to  sustain  the  acquired  resistance  of  22Rvl-Enza-R 
cells  to  enzalutamide.  Pig.  39A  right  panel  shows  Western  blots  to  confirm  the  downregulation 
of  hnRNPAl,  hnRNPA2  and  AR-V7  in  the  cell  lysates  from  22Rvl  and  22Rvl-Enza-R  cells 
treated  with  vehicle  and  enzalutamide.  Next,  to  confirm  these  results  in  another  cell  line  resistant 
to  enzalutamide,  we  transfected  siRNAs  against  hnRNPAl  and  hnRNPA2  into  PN-neo  and  PN- 
p52  cells  and  subjected  them  to  20  pM  enzalutamide  to  analyze  their  sensitivity  to  enzalutamide. 
Our  previous  studies  showed  that  PN-p52  cells  exhibit  resistance  to  enzalutamide  via  generation 
of  higher  levels  of  AR  splice  variants  [11].  As  shown  in  Pig.  39B  left  panel,  downregulation  of 
hnRNPAl  and  hnRNPA2  enhanced  the  sensitivity  of  these  cells  to  enzalutamide.  Suppression  of 
hnRNPAl  expression  reduced  cell  survival  by  -40-50%  when  enzalutamide-resistant  PN-p52 
cells  were  treated  with  enzalutamide.  Pig.  39B  right  panel  shows  Western  blots  to  confirm  the 
downregulation  of  hnRNPAl,  hnRNPA2  and  AR-V7  in  PN-neo  and  PN-p52  cells  treated  with 
vehicle  or  enzalutamide.  Interestingly,  suppression  of  hnRNPAl  expression  also  reduced 
survival  of  VCaP  cells  when  treated  with  enzalutamide  (Pig.  39C  left  panel),  confirming  the 
essential  nature  of  AR  variants  in  these  cells,  which  is  in  line  with  earlier  reports.  Pig.  39C  right 
panel  shows  Western  blots  to  confirm  the  downregulation  of  hnRNPAl,  hnRNPA2  and  AR-V7 
in  VCaP  cells  treated  with  vehicle  or  enzalutamide. 
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Our  findings  collectively  demonstrate  that  hnRNPAl  plays  a  major  role  in  the  generation 
of  splice  variants  of  the  androgen  reeeptor.  Expression  of  hnRNPAl  is  modulated  by  NF- 
KB2/p52  via  c-Myc.  Our  results  point  to  the  enhanced  expression  of  hnRNPAl  in  prostate 
tumors  being  instrumental  in  indueing  alternative  splieing  of  the  preeursor  AR  mRNA  and 
thereby  contributing  to  resistance  to  AR-targeted  therapies. 

We  have  made  significant  progress  in  Task  5, 

Steroidogenic  enzymes  mediate  p52-induced  intracrine  androgen  synthesis 

We  generated  LN-p52  stable  clones  with  stable  knockdown  of  AKR1C3  and  CYP17A1  using 
specific  shRNAs  against  AKR1C3  and  CYP17A1.  Expression  levels  of  AKR1C3  and  CYP17A1 
were  analyzed  by  Western  blotting  in  the  stable  clones  and  were  found  to  be  redueed  by  >70%  in 
the  stable  clones  compared  to  the  LN-p52-shEGFP  control  cells.  Cellular  extracts  from  LN-p52- 
shEGFP,  EN-p52-shAKRlC3  and  EN-p52-shCYP17Al  cells  were  analyzed  by  Mass 
Speetrometry  for  their  steroid  profiles.  Briefly,  50x10^  cells  were  homogenized,  and  the  resulting 
homogenate  was  eooled  on  ice.  The  preeipitated  material  was  removed  by  eentrifuging  at  high 
speed  for  5  minutes,  and  the  supernatant  was  removed  and  evaporated  in  a  SpeedVae  (Eabeonco) 
followed  by  lyophilizer  (Eabeoneo).  The  residue  was  suspended  in  150  pE  of  CH30H/H20 
(1:1),  filtered  through  a  0.2  pm  ultraeentrifuge  filter  (Millipore)  and  subjeeted  to  UPEC/MS-MS 
analysis.  Samples  were  run  in  duplieate  during  UPEC/MS-MS  analysis.  Samples  were  placed  in 
an  Aequity  sample  manager,  which  was  cooled  to  8°C  to  preserve  the  analytes.  Pure  standards 
were  used  to  optimize  the  UPEC/MS-MS  eonditions  before  sample  analysis.  Also,  the  standard 
mixture  was  run  before  the  first  sample  to  prevent  errors  due  to  matrix  effect  and  day-to-day 
instrument  variations.  In  addition,  immediately  after  the  initial  standard  and  before  the  first 
sample,  two  spiked  samples  were  run  to  ealibrate  for  the  drift  in  the  retention  time  of  all  analytes 
due  to  the  matrix  effeet.  After  standard  and  spiked  sample  runs,  blank  was  injected  to  wash  the 
injeetor  and  remove  carry  over  effect.  All  experiments  were  performed  on  a  Waters  Xevo-TQ 
triple  quadruple  mass  speetrometer  (Milford)  and  MS  and  MS-MS  speetra  were  recorded  using 
Electro  Spray  Ionization  (ESI)  in  positive  ion  (PI)  and  negative  ion  (NI)  mode,  capillary  voltage 
of  3.0  kV,  extractor  cone  voltage  of  3  V,  and  detector  voltage  of  650  V.  Cone  gas  flow  was  set  at 
50  L/h  and  desolvation  gas  flow  was  maintained  at  600  E/h.  Souree  temperature  and  desolvation 
temperatures  were  set  at  150°C  and  350°C,  respectively.  The  collision  energy  was  varied  to 
optimize  daughter  ions.  The  aequisition  range  was  20  to  500  Da.  Analytic  separations  were 
conducted  on  the  UPEC  system  using  an  Aequity  UPEC  HSS  T3  1.8  pm  1  x  150-mm  analytic 
column  kept  at  50°C  and  at  a  flow  rate  of  0.15  mE/min.  The  gradient  started  with  100%  A  (0.1% 
formic  acid  in  H20)  and  0%  B  (0.1%  formic  acid  in  CH3CN),  after  2  minutes,  ehanged  to  80% 
A  over  2  minutes,  then  45%  A  over  5  minutes,  followed  by  20%  A  in  2  minutes.  Finally,  it  was 
changed  over  1  minute  to  original  100%  A,  resulting  in  a  total  separation  time  of  15  minutes. 
The  eluates  from  the  UPEC  eolumn  were  introduced  to  the  mass  spectrometer  and  resulting  data 
were  analyzed  and  processed  using  MassEynx  4.1  software.  Results  showed  that  intraeellular 
levels  of  both  testosterone  as  well  as  DHT  were  greatly  redueed  in  EN-p52  cells  with  stable 
knoekdown  of  AKR1C3  (Fig.  40A)  or  CYP17A1  (Fig.  40B),  indieating  that  the  inerease  in 
intraerine  androgen  synthesis  induced  by  p52  is  mediated  by  aetivation  of  steroidogenic  enzymes 
sueh  as  AKR1C3  or  CYP17A1.  Conversely,  mass  speetrometric  analysis  of  LNCaP  eells  stably 
overexpressing  AKR1C3  showed  that  intracellular  levels  of  testosterone  were  greatly  enhanced 
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(Fig.  40C),  indicating  that  higher  expression  of  AKR1C3  may  be  sufficient  for  induction  of 
intracrine  androgen  synthesis  in  vitro. 

Steroidogenic  enzymes  mediate  induction  of  castration  resistance  by  p52 

We  tested  whether  castration  resistance  exhibited  by  p52-expressing  CaP  cells  is  mediated  by 
steroidogenie  enzymes,  using  LN-p52  eells  with  stable  knoekdown  of  AKR1C3  or  CYP17A1. 
Cell  survival  of  LN-p52-shEGFP  and  LN-p52-shAKRlC3  or  LN-p52-shCYP17Al  eells  in 
media  eontaining  CS-FBS  were  analyzed  by  growth  assays.  Results  showed  that  suppression  of 
expression  of  either  AKR1C3  or  CYP17A1  redueed  the  ability  of  LN-p52  cells  to  survive  in 
androgen-depleted  media  (Fig.  41  A).  These  findings  point  to  the  ability  of  CaP  cells  expressing 
p52  to  upregulate  intraeellular  androgen  synthesis,  thus  evading  eell  eyele  suppression  due  to 
androgen  withdrawal.  Conversely,  LNCaP  eells  stably  overexpressing  AKR1C3  exhibit  greatly 
enhaneed  ability  to  survive  in  androgen  depleted  media  (Fig.  4 IB),  indicating  that  upregulation 
of  intracellular  androgen  synthesis  after  androgen  withdrawal  may  be  one  of  the  prineipal 
meehanisms  driving  the  development  of  eastration  resistanee. 

Let-7c  modulates  induction  of  castration  resistance  by  p52 

We  tested  whether  reconstitution  of  let-7c  expression  reduees  survival  of  LN-p52  eells  under 
androgen-depleted  eonditions.  LN-p52  eells  were  infeeted  with  lentiviruses  encoding  let-7c  and 
cell  survival  was  analyzed  in  media  containing  CS-FBS.  Results  showed  that  LN-p52  eells 
exhibited  resistanee  to  growth  suppression  by  androgen  withdrawal  whieh  was  abolished  by 
reeonstitution  of  let-7o  expression  (Fig.  42 A).  These  results  were  confirmed  by  overexpression 
of  let-7c  in  C4-2B  eells  whieh  are  eastration  resistant  and  express  higher  levels  of  p52.  C4-2B 
cells  stably  expressing  let-7c  exhibited  lower  rates  of  survival  under  androgen  depleted 
eonditions  eompared  to  their  parental  control  cells,  showing  that  let-7o  may  modulate  eastration 
resistance  of  CaP  cells  (Fig.  42B). 

Key  Research  Accomplishments: 

We  have: 

>  demonstrated  that  NF-kB2/p52  regulates  transeription  of  key  steroidogenic  enzymes 

>  demonstrated  that  p52  induces  intraeellular  androgen  synthesis  in  prostate  eaneer  cells 

>  shown  that  let-7c  regulates  AR  expression  via  its  regulation  of  Mye 

>  demonstrated  that  downregulation  of  let-7o  expression  relieves  its  repression  of  AR  and 
enhances  proliferation  of  prostate  eaneer  cells 

>  generated  prostate  eaneer  cell  lines  stably  expressing  shRNAs/genes  of  interest  (as 
outlined  below). 

>  demonstrated  that  p52  induees  resistanee  to  newly  approved  anti-androgens  sueh  as 
enzalutamide  by  enhancing  generation  of  AR  spliee  variants 
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>  shown  that  Lin28  regulates  CaP  cell  growth  by  enhancing  AR  expression 

>  demonstrated  that  p52  regulates  expression  levels  of  Lin28  and  c-Myc  and  thereby 
contributes  to  increased  activation  of  the  AR 

>  demonstrated  that  NF-KB2/p52  regulates  expression  of  hnRNPAl  via  c-Myc 

>  demonstrated  that  p52-induced  resistance  to  anti-androgens  such  as  enzalutamide  is 
mediated  by  hnRNPAl 

>  shown  that  Lin28  enhances  CaP  cell  resistance  to  AR-targeted  therapies 

>  demonstrated  that  orthotopic  xenografts  from  CaP  cells  stably  expressing  p52  shRNA 
exhibit  lower  rates  of  growth 

>  demonstrated  that  orthotopic  xenografts  from  CaP  cells  stably  expressing  p52  shRNA 
exhibit  lower  expression  of  steroidogenic  enzymes  and  consequently  synthesize  lower 
levels  of  intracrine  androgens 

Conclusions: 

♦  We  demonstrated  that  NF-kB2/p52  regulates  expression  of  steroidogenic  enzymes  in  PCa 
cells. 

♦  We  demonstrated  that  NF-kB2/p52  regulates  intracellular  androgen  synthesis  in  vitro  and 
in  vivo  in  PCa  cells. 

♦  We  demonstrated  that  miR-let-7c  regulates  AR  expression  and  proliferation  of  PCa  cells. 

♦  We  demonstrated  that  Lm28  regulates  AR  expression  and  proliferation  of  PCa  cells. 

♦  We  showed  that  decrease  in  miR-let-7c  promotes  castration-resistant  growth  of  PCa  cells. 

♦  We  showed  that  Lin28  and  Myc  are  involved  in  the  regulation  of  AR  expression  by  miR- 
let-7c. 

♦  We  showed  that  p52  regulates  Lin28  and  Myc  and  thereby  enhances  CaP  cell 
proliferation. 

♦  We  showed  that  p52  promotes  the  generation  of  constitutively  active  AR  splice  variants 
that  are  resistant  to  AR-targeted  therapies. 

♦  We  demonstrated  that  p52  and  Lm28  enhance  CaP  cell  resistance  to  second-generation 
anti-androgens  such  as  enzalutamide. 

♦  We  demonstrated  that  NF-KB2/p52  regulates  expression  of  hnRNPAl  via  c-Myc  in  CaP 
cells. 

♦  We  demonstrated  that  p52-induced  resistance  to  enzalutamide  is  mediated  by  hnRNPAl . 

Our  results  implicate  NF-kB2/p52  in  the  development  of  resistance  to  castration  by  promoting 
intracrine  androgen  synthesis  and  by  promoting  alternative  splicing  of  AR.  In  addition,  we 
provide  evidence  for  the  existence  of  the  NF-kB2/p52:Lm28:c-Myc:let-7c:AR  pathway  and  for 
the  NF-KB2/p52:c-Myc:hnRNPAl  axis  and  their  role  in  AR  alternative  splicing  and 
enzalutamide  resistance.  Our  results  underscore  the  importance  of  NF-KB2/p52  in  CaP  cells 
resistance  to  currently  used  anti-androgen  therapeutics. 
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“So  What”  Section:  Our  findings  provide  conclusive  evidence  for  the  importance  of  the  p52- 
Lin28-Myc-let-7c-AR  pathway  in  PCa.  Our  most  recent  findings  also  implicate  p52  in  the 
development  of  resistance  to  newly  approved  drugs  such  as  enzalutamide  and  in  the  generation 
of  constitutively  active  AR  splice  variants  such  as  AR-V7.  Since  the  current  focus  of  research  in 
CRPC  therapy  is  to  target  the  androgen  receptor,  our  findings  are  very  relevant  to  the  recent 
advancements  in  the  field. 
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Reportable  Outcomes: 

Cell  lines  generated: 

>  C4-2B,  LN-IL6  and  DU145  cells  stably  expressing  p52  shRNA 

>  C4-2B,  LN-IL6  and  DU145  cells  stably  expressing  Lin28  shRNA 

>  PZ-HPV7,  LAPC-4  and  LNCaP  cells  stably  expressing  p52 

>  LNCaP  cells  stably  and  inducibly  expressing  p52 

>  LNCaP,  C4-2B  and  DU145  cells  stably  expressing  let-7c 

>  LNCaP  cells  stably  expressing  Lin28 

>  LNCaP  cells  inducibly  expressing  Lin28 

>  LN-p52  cells  stably  expressing  AKR1C3  shRNA 

>  LN-p52  cells  stably  expressing  CYP17A1  shRNA 

>  LN-p52  cells  stably  expressing  HSD3B2  shRNA 

>  PZ-HPV7  cells  stably  expressing  Lin28 

Other  Achievements: 

Grants  applied  for: 

NIH/NCI-2014  R21  (Exploratory/Developmental  Grant)-Novel  Targets  in  Androgen  Receptor 
Signaling  in  Prostate  Cancer 

NIH/NCI-2014  R03  (Small  Grant)- Alteration  of  the  miR-let-7c:Lin28  ratio  as  a  potential 
predictor  of  therapy  resistance  in  Prostate  Cancer 

NIH/NCI-2015  R21  (Exploratory/Developmental  Grant)-MicroRNAs  modulate  therapy 
resistance  in  Prostate  Cancer 
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Figure  Legends 

Figure  1:  p52  enhanees  expression  of  enzymes  involved  in  intraerine  androgen  synthesis.  A) 
qRT-PCR  of  steroidogenie  enzymes  in  LNCaP  eells  stably  expressing  p52.  B)  Western  analysis 
of  expression  levels  of  steroidogenie  enzymes  in  LNCaP  eells  stably  expressing  p52.  C)  qRT- 
PCR  analysis  of  steroidogenie  enzymes  expression  in  normal  epithelial  PZ-HPV7  eells.  D) 
Lueiferase  assay  showing  inereased  aetivation  of  promoters  of  steroidogenie  enzymes  in  LNCaP 
eells  stably  expressing  p52. 

Figure  2:  p52  induees  intraeellular  androgen  synthesis.  A)  PZ-HPV7  normal  prostate  epithelial 
eells  overexpressing  p52  were  analyzed  by  EIA  for  intraeellular  testosterone  levels.  B)  LNCaP 
eells  stably  expressing  p52  were  analyzed  by  EIA  for  intraeellular  testosterone  levels.  C)  ENCaP 
eells  indueibly  expressing  p52  (after  addition  of  DOX)  were  analyzed  by  EIA  for  intraeellular 
testosterone  levels.  In  all  eases  p52  indueed  signifieantly  higher  levels  of  testosterone  eompared 
to  eontrols. 

Figure  3:  Downregulation  of  p52  reduees  intraerine  androgen  synthesis  in  vitro.  A)  C4-2B,  LN- 
IE6  and  DU  145  eells  were  transiently  transfeeted  with  shRNA  against  p52  and  intraeellular 
testosterone  levels  were  measured  by  EIA.  Knoek  down  of  p52  redueed  intraeellular  testosterone 
levels  in  all  eell  lines  tested.  B)  Expression  levels  of  steroidogenie  enzymes  were  measured  by 
qRT-PCR  in  C4-2B,  EN-IL6  and  DU145  eells  transfeeted  with  shRNA  against  p52.  Expression 
levels  of  all  enzymes  tested  were  downregulated  by  p52  knoek  down.  C)  C4-2B,  EN-IL6  and 
DU  145  eells  stably  expressing  p52  shRNA  were  generated  and  intraeellular  testosterone  levels 
were  measured  by  EIA.  D)  Expression  levels  of  steroidogenie  enzymes  were  measured  by  qRT- 
PCR  in  C4-2B,  LN-IE6  and  DU145  eells  stably  expressing  p52  shRNA. 

Figure  4:  Downregulation  of  p52  reduees  intraerine  androgen  synthesis  in  vivo.  A)  C4-2B 
xenografts  were  injeeted  with  eontrol  retroviruses  or  retroviruses  eneoding  shRNA  against  p52 
and  tumor  volumes  were  measured.  Downregulation  of  p52  led  to  deereased  tumor  growth.  B) 
Intratumoral  testosterone  levels  were  measured  by  EIA  in  C4-2B  xenografts  injeeted  with  eontrol 
retroviruses  or  retroviruses  eneoding  p52  shRNA.  Intraeellular  testosterone  levels  were  redueed 
signifieantly  with  downregulation  of  p52.  C)  Expression  levels  of  steroidogenie  enzymes  were 
measured  by  qRT-PCR  in  the  above  xenograft  tissues.  Expression  levels  of  all  enzymes  tested 
were  redueed  by  downregulation  of  p52. 
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Figure  5:  Downregulation  of  NF-kB2/p52  abolishes  intracrine  androgen  synthesis.  A)  C4-2B- 
shp52  and  C4-2B-shEGFP  control  cells  were  injected  orthotopicahy  into  the  prostates  of  SCID 
mice  and  tumor  weights  were  analyzed.  Weights  of  tumors  formed  by  C4-2B-shp52  cells  were 
significantly  lower  than  weights  of  tumors  formed  by  C4-2B-shEGFP  control  cells.  B) 
Intratumoral  testosterone  levels  were  analyzed  using  EIA  according  to  manufacturer’s 
instructions  (Cayman  Chemicals)  in  the  xenograft  tumors  from  C4-2B-shp52  and  C4-2B- 
shEGFP  cells.  Intracrine  testosterone  levels  were  significantly  diminished  in  C4-2B-shp52 
tumors  compared  to  control  C4-2B-shEGFP  tumors.  C)  Intratumoral  testosterone, 
Dihydrotestosterone  and  DHEA  levels  were  analyzed  by  EC-MS  analysis  in  xenograft  tumors 
from  C4-2B-shEGEP  and  C4-2B-shp52  cells.  Eevels  of  ah  three  steroids  were  diminished  in  C4- 
2B-shp52  tumors  compared  to  control  tumors.  D)  Expression  levels  of  steroidogenic  enzymes 
were  analyzed  by  qPCR  using  total  RNAs  extracted  from  the  above  tumor  tissues.  Expression 
levels  of  most  steroidogenic  enzymes  were  suppressed  by  downregulation  of  p52  in  C4-2B- 
shp52  tumors.  Results  are  presented  as  means  ±  SD  of  3  experiments  performed  in  triplicate. 

Figure  6:  Downregulation  of  NF-kB2/p52  abolishes  intracrine  androgen  synthesis.  A)  DU145- 
shp52  and  DU145-shEGFP  control  cells  were  injected  orthotopicahy  into  the  prostates  of  SCID 
mice  and  tumor  weights  were  analyzed  Weights  of  tumors  formed  by  DU145-shp52  cells  were 
significantly  lower  than  weights  of  tumors  formed  by  DU145-shEGFP  control  cells.  B) 
Intratumoral  testosterone  levels  were  analyzed  using  EIA  according  to  manufacturer’s 
instructions  (Cayman  Chemicals)  in  the  xenografts  tumors  from  DU145-shp52  and  DU145- 
shEGFP  cells.  Intracrine  testosterone  levels  were  significantly  diminished  in  DU145-shp52 
tumors  compared  to  control  DU145-shEGFP  tumors.  C)  Expression  levels  of  steroidogenic 
enzymes  were  analyzed  by  qPCR  using  total  RNAs  extracted  from  the  above  tumor  tissues. 
Expression  levels  of  most  steroidogenic  enzymes  were  suppressed  by  downregulation  of  p52  in 
DU145-shp52  tumors.  Results  are  presented  as  means  ±  SD  of  3  experiments  performed  in 
triplicate. 

Figure  7:  A)  Western  analysis  of  expression  of  Ein28  in  ENCaP  cells  stably  expressing  Ein28. 
B)  Western  analysis  of  expression  of  Ein28  in  the  absence  and  presence  of  Doxycycline  in 
ENCaP  cells  inducibly  expressing  Ein28.  C)  Expression  of  let-7c  in  ENCaP  cells  expressing 
EGFP-tagged  let-7c. 

Figure  8:  p52  regulates  expression  of  Ein28  and  c-Myc.  A)  Relative  expression  of  Ein28  and  c- 
Myc  in  LN-neo  and  LN-Lin28  cells  was  measured  by  Western  blotting  (left  panel)  and  qPCR 
(right  panel).  B)  ChIP  assays  were  performed  to  assess  the  recruitment  of  p52  to  the  promoter 
region  of  Ein28.  Recruitment  of  p52  to  Ein28  promoter  was  higher  in  EN-p52  cells  compared  to 
EN-neo  cells. 

Figure  9:  A)  ENCaP  cells  were  transfected  with  let-7c  anti-sense  oligonucleotides  and  AR 
mRNA  levels  were  analyzed  by  qRT-PCR.  Results  are  presented  as  relative  fold  change 
compared  to  expression  levels  in  ENCaP  cells  transfected  with  control  oligonucleotides.  B) 
Western  blot  showing  the  increase  in  AR  expression  in  ENCaP  cells  transfected  with  let-7c  anti- 
sense.  C)  EN-IL6+  cells  were  transfected  with  let-7c  and  AR  mRNA  levels  were  analyzed  by 
qRT-PCR.  D)  Western  blot  showing  the  downregulation  of  AR  expression  in  EN-IL6+  cells 
transfected  with  let-7c.  E  &  F)  AR  levels  were  analyzed  in  ENCaP  and  C4-2B  cells  stably 
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expressing  let-7c  by  Western  blotting.  G)  Protein  levels  of  AR  were  analyzed  in  LNCaP  cells 
stably  expressing  Lin28  by  Western  blotting. 

Figure  10:  A)  LNCaP  cells  were  co-transfected  with  let-7c  and  pGL3-PSA6.0-Luc  reporter  and 
luciferase  activities  were  analyzed.  B)  LNCaP  cells  were  transfected  with  control  or  let-7c  or  let- 
7c  anti-sense  and  levels  of  PSA  and  NKX3.1  mRNAs  were  analyzed  by  qRT-PCR.  Results  are 
presented  as  relative  fold  change  compared  to  expression  levels  in  LNCaP  cells  transfected  with 
control  oligonucleotides.  C)  PSA  secretion  in  LNCaP  cells  was  enhanced  when  let-7c  expression 
was  downregulated.  D)  LNCaP  cells  stably  expressing  control,  let-7c  or  Lin28  were  transfected 
with  pGL3-PSA6.0-Luc  reporter  and  luciferase  activities  were  assayed.  E)  Secretion  of  PSA  by 
LNCaP  cells  stably  expressing  let-7c  or  Lin28  was  analyzed  by  ELISA.  Recruitment  of  AR  to 
AREs  in  PSA  (F)  and  NKX3.1  (G)  promoters  was  analyzed  by  ChIP  in  ENCaP  cells  transfected 
with  let-7c  or  Ein28. 

Figure  11:  ENCaP  cells  were  transfected  with  control  or  let-7c  in  the  presence  or  absence  of 
actinomycin  D  and  AR  mRNA  levels  were  analyzed  by  Northern  blotting  (A)  or  qRT-PCR  (B). 
C)  ENCaP  cells  were  co-transfected  with  control  or  let-7c  or  with  let-7c  anti-sense  oligos  along 
with  pGL4-AR-Prom-Euc  reporter. 

Figure  12:  Expression  levels  of  AR  and  c-Myc  were  analyzed  by  Western  blotting  in  LNCaP 
cells  transfected  with  let-7c  (A)  or  let-7c  anti-sense  oligos  (B).  C)  LNCaP  cells  were  transfected 
with  plasmids  expressing  Myc  or  shRNA  against  Myc  along  with  the  pGL4-AR  prom-Luc 
reporter  and  luciferase  assays  were  performed.  D  &  E)  mRNA  levels  of  AR,  PSA  and  NKX3.1 
were  measured  by  qRT-PCR  in  LNCaP  cells  transfected  with  Myc  or  shRNA  against  Myc.  F) 
LNCaP  cells  were  transfected  with  let-7c  and  Myc  alone  or  together  along  with  the  pGL4-AR 
prom-Luc  reporter.  G)  Recruitment  of  Myc  to  the  Myc  binding  site  in  AR  promoter  was 
analyzed  by  ChIP  assays. 

Figure  13:  Let-7c  inhibits  growth  of  human  PCa  cells  in  vitro.  LNCaP  (A),  C4-2B  (B),  DU145 
(C),  LN-IL6+  (D)  and  LNCaP-S17  (E)  cells  were  transfected  with  let-7c  or  empty  vector  (Con) 
and  cell  numbers  were  determined  after  24  and  48  h.  F)  Cell  death  was  analyzed  in  LNCaP, 
DU145,  LNCaP-S17  and  LN-IL6+  cells  transfected  with  let-7c  or  empty  vector  (Con).  G) 
LNCaP  cells  transfected  with  anti-sense  oligos  against  let-7c  or  scrambled  oligos  (Con)  were 
grown  in  FBS  and  CS-EBS  and  cell  numbers  determined.  ENCaP  cells  with  downregulated 
expression  of  let-7c  exhibited  faster  growth  in  CS-EBS  compared  to  controls.  Error  bars  denote  ± 
SD  {^p  <  0.05). 

Figure  14:  Eet-7c  inhibits  colony  forming  abilities  of  human  PCa  cells.  Clonogenic  (A)  and  soft 
agar  colony  forming  (B)  abilities  of  ENCaP-S17  and  C4-2B  cells  transfected  with  let-7c  or 
empty  vector  (Con)  were  assayed.  C)  Clonogenic  assay-Upper  and  lower  panels  represent  colony 
sizes  of  C4-2B  and  LNCaP-S17  cells  expressing  control  (empty  vector)  or  let-7c  respectively.  D) 
Soft  agar  assay-Upper  and  lower  panels  represent  colony  sizes  of  C4-2B  and  ENCaP-S17  cells 
expressing  control  (empty  vector)  or  let-7c  respectively.  E)  Number  of  colonies  formed  in 
clonogenic  assay  by  C4-2B  cells  stably  expressing  let-7c.  Eet-7c  decreased  the  number  of 
colonies  formed  by  the  PCa  cells.  Data  points  represent  mean  ±  SD  of  triplicate  samples  from 
two  independent  experiments.  Error  bars  denote  ±  SD  (*/»  <  0.05). 
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Figure  15:  Let-7c  suppresses  tumor  growth  of  human  PCa  xenografts  in  vivo.  C4-2B  (A), 
PC346C  (B)  and  DU145  (C)  cells  were  injected  into  both  flanks  of  nude  mice  and  the  tumors 
received  a  single  intratumoral  injection  of  lentiviruses  expressing  either  GFP  (control)  or  let-7c. 
Tumor  growth  was  monitored  twice  weekly  over  3  weeks.  Data  points  represent  mean  ±  SD  of 
tumor  volume  (mm^)  of  all  mice  at  the  indicated  time  points.  D)  Secretion  of  PSA  by  C4-2B  and 
PC346C  xenografts  was  measured  in  mouse  sera  by  ELISA.  Reconstitution  of  let-7c  in  the 
tumors  reduced  secretion  of  PSA  by  the  xenografts.  At  the  end  of  the  experiments,  tumor  tissues 
were  excised,  total  RNAs  prepared  and  subjected  to  qRT-PCR  to  assess  mRNA  levels  of  let-7c 
(E)  and  Lm28  (F).  Error  bars  denote  ±  SD  {*p  <  0.05). 

Figure  16:  Relative  expression  levels  of  let-7c,  AR,  Lm28  and  Myc  were  analyzed  by  qRT-PCR 
in  PCa  xenografts  injected  intratumorally  with  let-7c  expressing  lentiviruses.  Data  points 
represent  mean  ±  SD  of  triplicate  samples  from  two  independent  experiments.  Error  bars  denote 
±  SD  (p  <  0.05). 

Figure  17:  A)  Relative  expression  levels  of  let-7c  were  measured  by  qRT-PCR  in  total  RNAs 
extracted  from  10  paired  benign  and  tumor  human  prostate  samples.  B)  Let-7c  levels  were 
measured  using  in  situ  hybridization  in  TMAs  containing  160  cores  each  from  unmatched  benign 
and  cancerous  prostate  biopsies.  Representative  images  are  shown  for  benign  and  cancer  cores. 
C)  Relative  expression  levels  of  Lin28  in  the  10  paired  benign  and  tumor  human  prostate 
samples.  Expression  levels  of  Lm28  were  correlated  inversely  with  those  of  let-7c.  Error  bars 
denote  ±  SD  {*p  <  0.05). 

Figure  18:  A)  Relative  expression  levels  of  let-7c  and  AR  were  measured  by  qRT-PCR  in  total 
RNAs  extracted  from  22  human  prostate  cancer  samples.  ^>=0.015  by  two-tailed  t-Test.  Plots 
showing  the  negative  correlation  between  levels  of  B)  let-7c  and  AR,  C)  let-7c  and  Lm28  and  D) 
let-7c  and  Myc  mRNAs  in  the  above  samples.  E)  Western  blot  showing  protein  levels  of  Lm28 
and  AR  in  extracts  from  normal,  benign  (B)  and  adjacent  tumor  (T)-containing  human  prostate 
samples. 

Figure  19:  A)  Comparison  of  AR,  Lm28  and  Myc  expression  in  the  dataset  GDS1439  [21]. 
Benign,  n=6;  primary  prostate  cancer,  n=7  and  metastatic  prostate  cancer,  n=6.  B)  Comparison 
of  AR,  Lm28  and  Myc  levels  in  GDS2547  [22].  Normal  prostate  tissue,  n=18;  normal  tissue 
adjacent  to  tumor,  n=16;  primary  prostate  cancer,  n=65  and  metastatic  prostate  cancer,  n=25. 
Data  are  expressed  as  means  ±SEM  (in  percentages)  of  the  maximum  single  channel  count 
determined  in  each  dataset.  C)  Gene  expression  analysis  using  Oncomine  database  showing  the 
relative  expression  levels  of  AR,  Lin28  and  Myc  in  3  datasets  comparing  normal  prostate  tissue 
and  prostate  cancer.  Wallace_prostate:  normal,  n=20,  cancer,  n=69;  Yu_prostate:  normal,  n=23, 
cancer,  n=64  and  Vanaja_prostate;  normal,  n=8,  cancer,  n=32.  Data  presented  as  means  ±  SEM 
of  normalized  expression  units,  as  per  Oncomine  output. 

Figure  20:  Lm28  is  overexpressed  in  human  prostate  cancer.  A)  qRT-PCR  analysis  of  Lm28 
expression  in  10  paired  benign  and  tumor  CaP  tissues.  Data  are  presented  as  mean±SD  of  2 
experiments  performed  in  triplicate.  Lin28  mRNA  expression  levels  were  higher  in  cancer 
tissues  compared  to  matched  benign  tissues.  B)  Western  blot  analysis  of  Lin28  expression  in  42 
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paired  benign  and  tumor  samples.  Representative  Western  blot  is  shown.  The  table  summarizes 
the  results  of  Lin28  protein  expression  levels  in  the  dataset.  C)  Immunohistoehemieal  analysis  of 
Lin28  expression  in  benign  and  eancer  CaP  tissues.  Brown  staining  represents  positive  staining 
for  expression  of  Lin28.  Images  are  presented  at  200X  magnilieation. 

Figure  21:  Lin28  promotes  growth  of  CaP  eells.  A)  LNCaP,  PZ-HPV7,  C4-2B,  DU145, 
LNCaP-S17  and  LNCaP-IL6  eells  were  transfected  with  empty  vector  or  pLK0.1-Lin28  and 
growth  was  monitored  at  0,  24  and  48  h.  Lin28  enhanced  growth  rates  of  all  cell  lines  tested.  B) 
LNCaP  cells  stably  expressing  Lin28  (LN-Lin28)  and  control  LN-neo  cells  were  plated  in  media 
containing  complete  FBS  and  growth  was  monitored  at  0,  24,  48  and  72h.  Lin28  enhanced  the 
growth  of  LNCaP  cells.  Right  panel  shows  the  expression  levels  of  Lin28  in  LN-Lin28  and  LN- 
neo  cells.  C)  C4-2B  cells  stably  expressing  Lin28  (C42-B-Lin28)  and  control  C4-2B-neo  cells 
were  plated  in  media  containing  complete  FBS  and  growth  was  monitored  at  0,  24,  48  and  72  h. 
Right  panel  shows  the  expression  levels  of  Lin28  in  C4-2B-Lin28  and  C4-2B-neo  cells.  Data  are 
presented  as  mean±SD  of  3  experiments  performed  in  triplicate.  D)  Downregulation  of 
endogenous  Lin28  suppresses  CaP  cell  growth.  C4-2B  cells  were  transfected  with  shRNA 
against  Lin28  and  growth  was  measured  in  media  containing  complete  FBS.  Growth  of  C4-2B 
cells  was  abrogated  with  downregulation  of  Lin28.  Right  panel  shows  the  reduced  expression  of 
Lin28  protein  after  transfection  with  shRNA.  Data  are  presented  as  mean±SD  of  3  experiments 
performed  in  triplicate. 

Figure  22:  Lin28  promotes  clonogenic  ability  of  CaP  cells.  A)  C4-2B  (left  panel)  and  LNCaP- 
S17  (right  panel)  cells  were  transfected  with  empty  vector  or  pLK0.1-Lin28  and  anchorage- 
dependent  clonogenic  assays  were  performed.  Lin28  enhanced  the  colony  forming  ability  of  both 
C4-2B  and  LNCaP-S17  cells.  B)  Left  panel,  LN-Lin28  and  control  LN-neo  cells  were  subjected 
to  clonogenic  assays.  Lin28-expressing  LNCaP  cells  exhibited  higher  clonogenic  ability 
compared  to  control  cells.  Right  panel,  LN/TR/Lin28  (LNCaP  cells  expressing  Lin28  under  a 
Tet-inducible  promoter)  and  LN/TR/Con  cells  were  subjected  to  clonogenic  assays  in  media 
containing  either  complete  FBS  or  CS-FBS.  Induction  of  Lin28  expression  by  doxycycline 
(DOX)  enhanced  colony  formation  of  LN/TR/Lin28  cells  compared  to  control  cells.  C)  C4-2B 
and  LNCaP-S17  cells  were  transfected  with  empty  vector  or  pLK0.1-Lin28  and  subjected  to 
anchorage-independent  soft  agar  colony  formation  assays.  Lin28  expression  increased  the 
number  of  colonies  formed  in  soft  agar  by  both  cell  lines.  D)  Left  panel,  LN-Lin28  and  control 
LN-neo  cells  were  subjected  to  soft  agar  assays.  LN-Lin28  cells  were  able  to  form  larger  number 
of  colonies  in  soft  agar  compared  to  LN-neo  cells.  Right  panel,  Lin28  increases  invasiveness  of 
CaP  cells.  LN-Lin28  and  LN-neo  cells  were  subjected  to  Boyden  chamber  Invasion  Assays.  Inset 
picture  shows  representative  images  of  invading  cells.  Data  are  presented  as  mean±SD  of  3 
experiments  performed  in  triplicate. 

Figure  23:  Lin28  promotes  tumor  growth  of  CaP  xenografts.  A)  2x10^  cells/flank  LN-Lin28  or 
LN-neo  cells  were  injected  s.c  into  both  flanks  of  male  nude  mice  and  tumor  growth  was 
monitored.  B)  Secretion  of  PSA  by  the  CaP  xenografts  was  measured  in  the  mouse  sera.  Tumors 
expressing  Lin28  secreted  higher  levels  of  PSA  compared  to  the  control  tumors. 

Figure  24:  Lin28  enhances  expression  and  activation  of  the  AR.  A)  Left  panel,  LN-Lin28  and 
LN-neo  cells  were  transfected  with  pGL4-AR-Prom-Luc  and  luciferase  activities  were  measured. 
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Activity  of  the  full  length  promoter  of  AR  was  inereased  in  Lin28-expressing  eells.  Right  panel, 
qRT-PCR  assays  showing  the  inerease  in  AR  mRNA  expression  in  Lin28-expressing  LNCaP 
eells.  B)  Left  panel,  Western  blot  showing  the  inerease  in  AR  protein  expression  in  LN-Lin28 
eells  eompared  to  LN-neo  eells.  Right  panel,  C4-2B  cells  were  transfeeted  with  shRNA  against 
Lin28  and  protein  expression  of  AR  was  analyzed.  Downregulation  of  Lin28  by  shRNA  redueed 
the  expression  of  AR.  C)  Expression  levels  of  AR  target  genes  PSA  and  NKX3.1  were  measured 
by  qRT-PCR  in  LN-neo  and  LN-Lin28  eells.  mRNA  levels  of  both  genes  were  inereased  in 
Lin28-expressing  eells  eompared  to  eontrol  eells.  D)  Left  panel,  LN-Lin28  and  LN-neo  eells 
were  transfeeted  with  PSA-E/P-Lue  and  lueiferase  aetivities  were  measured.  Aetivation  of  PSA 
promoter  was  enhanced  in  Lin28-expressing  cells  eompared  to  eontrol  eells.  Right  panel, 
seeretion  of  PSA  by  LN-Lin28  and  LN-neo  eells  was  measured  by  ELISA.  Levels  of  PSA 
seereted  by  Lin28-expressing  eells  were  higher  than  eontrol  eells.  Data  are  presented  as 
meaniSD  of  3  experiments  performed  in  triplieate.  E)  Reeruitment  of  AR  to  the  ARE  I/II  and 
ARE  III  regions  of  PSA  promoter  (left  panel)  and  ARE  in  NKX3.1  promoter  (right  panel)  was 
analyzed  by  ChIP  assays.  Expression  of  Lin28  enhaneed  recruitment  of  AR  to  AREs  in  target 
gene  promoters. 

Figure  25:  Lin28  induees  resistanee  to  AR-targeted  therapeuties.  A)  LN-Lin28  and  LN-neo 
control  cells  were  treated  with  0,  20  or  40  pM  concentrations  of  enzalutamide,  abiraterone  or 
biealutamide  for  24  h  and  eell  survival  was  analyzed.  LN-Lin28  eells  were  not  signifieantly 
affected  by  treatment  while  eell  survival  of  LN-neo  eontrol  eells  was  diminished  by  treatment. 
B)  Western  blot  showing  expression  of  Lin28  in  lysates  from  eells  treated  with  enzalutamide, 
abiraterone  or  biealutamide.  C)  Anehorage-dependent  elonogenie  assay  was  performed  using 
LN-Lin28  and  LN-neo  eells  treated  with  enzalutamide,  abiraterone  or  biealutamide. 
Representative  images  from  3  independent  experiments  are  shown.  D)  Numbers  of  eolonies 
formed  by  LN-Lin28  and  LN-neo  eells  were  eounted.  Numbers  of  eolonies  formed  by  LN-neo 
eells  were  redueed  by  '-'50%  while  numbers  of  eolonies  formed  by  LN-Lin28  eells  were  not 
reduced  signifieantly.  E)  Anehorage-independent  soft  agar  eolony  formation  assays  were 
performed  using  LN-Lin28  and  LN-neo  eells  treated  with  enzalutamide,  abiraterone  or 
biealutamide.  Representative  images  from  3  independent  experiments  are  shown.  F)  Numbers  of 
eolonies  formed  by  LN-Lin28  and  LN-neo  eells  in  soft  agar  were  eounted.  Numbers  of  eolonies 
formed  by  LN-neo  eells  were  redueed  drastieally,  while  numbers  of  colonies  formed  by  LN- 
Lin28  cells  were  not  redueed  signifieantly.  Results  are  presented  as  means  ±  SD  of  3 
experiments  performed  in  triplieate. 

Figure  26:  Lin28  expressing  eells  maintain  activation  of  the  AR  during  treatment  with 
enzalutamide,  abiraterone  or  biealutamide.  A)  Nuelear  transloeation  of  the  AR  was  examined  by 
Western  blotting  using  speeifie  antibodies  against  AR  in  LN-neo  and  LN-Lin28  eells  treated 
with  enzalutamide,  abiraterone  or  biealutamide.  AR  nuelear  transloeation  was  inhibited  by  the 
drugs  in  LN-neo  eells,  while  nuclear  translocation  of  AR  was  not  affected  in  LN-Lin28  eells.  B) 
Recruitment  of  the  AR  to  AREs  in  PSA  promoter  was  analyzed  by  ChIP  assays  in  LN-neo  and 
LN-Lin28  eells  treated  with  enzalutamide,  abiraterone  or  biealutamide.  Reeruitment  of  AR  to 
ARE  in  PSA  promoter  was  not  affeeted  signifieantly  in  LN-Lin28  eells  by  treatment.  Expression 
levels  of  elassic  AR  target  genes,  PSA  (C)  and  NKX3.1  (D)  were  examined  by  qPCR  in  LN-neo 
and  LN-Lin28  eells  treated  with  enzalutamide,  abiraterone  or  biealutamide.  AR-aetivated 
expression  of  PSA  and  NKX3.1  was  not  affeeted  signifieantly  in  LN-Lin28  eells.  E)  Seeretion  of 
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PSA  by  LN-Lin28  and  LN-neo  cells  treated  with  enzalutamide,  abiraterone  or  biealutamide  was 
analyzed  by  ELISA.  Treatment  with  the  drugs  diminished  seeretion  of  PSA  by  LN-neo  eells 
while  PSA  seeretion  was  not  affected  in  LN-Lm28  eells.  Results  are  presented  as  means  ±  SD  of 
3  experiments  performed  in  triplieate. 

Figure  27:  Alternative  splieing  of  AR  mediates  resistance  to  AR-targeted  therapeutics  in  Lin28 
expressing  eells.  A)  Relative  mRNA  levels  of  full  length  (PL)  AR  and  AR-V7  were  measured 
using  qPCR  in  LN-neo  and  LN-Lm28  eells.  LN-Lm28  eells  express  signilieantly  higher  levels  of 
both  PL  AR  and  AR-V7.  B)  LN-Lm28  eells  express  higher  levels  of  hnRNPAl  eompared  to  LN- 
neo  cells  as  analyzed  by  Western  blotting.  C)  LN-neo  and  LN-Lm28  eells  were  treated  with 
enzalutamide  after  transfeetion  with  siRNAs  against  either  PL  AR  or  AR-V7.  Downregulation  of 
either  PL  AR  or  AR-V7  resensitizes  LN-Lin28  eells  to  treatment  with  enzalutamide.  D)  Speeifie 
siRNAs  against  hnRNPAl  or  hnRNPA2  were  transfeeted  into  LN-neo  and  LN-Lin28  eells  whieh 
were  subsequently  subjeeted  to  treatment  with  enzalutamide,  abiraterone  or  biealutamide. 
Downregulation  of  either  hnRNPAl  or  hnRNPA2  enhaneed  the  sensitivity  of  LN-Lin28  eells  to 
treatment.  Results  are  presented  as  means  ±  SD  of  3  experiments  performed  in  triplieate.  E) 
Whole  eell  lysates  from  LN-neo  and  LN-Lin28  eells  transfeeted  with  siRNAs  against  hnRNPAl 
or  hnRNPA2  were  analyzed  by  Western  blotting  to  assess  levels  of  AR-V7.  Downregulation  of 
hnRNPAl  redueed  expression  levels  of  AR-V7.  F)  LN-neo  and  LN-Lm28  cells  were  transfeeted 
with  plasmids  eneoding  full  length  hnRNPAl  eDNA  and  the  resultant  lysates  were  analyzed  by 
Western  blotting  for  the  expression  of  AR-V7.  Overexpression  of  hnRNPAl  enhaneed 
expression  of  AR-V7. 

Figure  28:  Lm28  mediates  enzalutamide  resistanee  in  p52-expressmg  PCa  eells.  A)  Speeifie 
shRNAs  against  Lin28  were  transfeeted  into  LN-neo  and  LN-p52  cells  in  media  eontaining 
either  eomplete  or  ehareoal-stripped  (CS)  LBS.  The  cells  were  then  treated  with  20  pM 
enzalutamide.  Downregulation  of  Lin28  redueed  the  ability  of  LN-p52  eells  to  survive  in  media 
eontaining  enzalutamide.  Right  panel  eonfirms  reduction  in  mRNA  levels  of  Lin28  after 
transfeetion  with  shRNA.  B-G)  Expression  levels  of  AR  splice  variants  were  examined  by  qPCR 
in  total  RNAs  extraeted  from  LN-neo  and  LN-p52  eells  transfeeted  with  shRNAs  against  Lin28. 
Expression  levels  of  most  AR  spliee  variants  were  redueed  upon  downregulation  of  Lin28. 
Results  are  presented  as  means  ±  SD  of  3  experiments  performed  in  triplieate. 

Figure  29:  NF-kB2/p52-expressmg  CaP  cells  are  resistant  to  Enzalutamide.  A)  LNCaP  eells 
stably  expressing  p52  (LN-p52)  and  eontrol  LNCaP  eells  (LN-neo)  were  treated  with  0  and  20 
pM  Enzalutamide  or  Biealutamide  in  media  eontaining  either  LBS  or  CS-LBS  and  eell  numbers 
were  eounted  after  48  h.  Results  are  presented  as  means±SD  of  3  experiments  performed  in 
triplieate.  LN-p52  cells  exhibited  higher  survival  rates  when  treated  with  Enzalutamide  or 
Biealutamide  eompared  to  LN-neo  eells.  B)  LN-neo  and  LN-p52  eells  were  treated  with  0,  20  or 
40  pM  Enzalutamide  or  Biealutamide  and  elonogenie  assays  were  performed.  Results  are 
presented  as  means±SD  of  2  experiments  performed  in  triplieate.  LN-p52  cells  formed  higher 
numbers  of  eolonies  eompared  to  LN-neo  eells  when  treated  with  Enzalutamide  or  Biealutamide. 

Figure  30:  CaP  eells  treated  ehronieally  with  Enzalutamide  upregulate  the  expression  of  NL- 
kB2/p52.  A)  CWR22Rvl  eells  treated  ehronieally  with  Enzalutamide  exhibit  higher  endogenous 
levels  of  both  plOO  and  p52.  B)  CWR22Rvl  eells  treated  ehronieally  with  Enzalutamide  were 
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transfected  with  either  control  shRNA  or  shRNA  against  NF-kB2/p52  and  were  treated  with  0, 
20  or  40  pM  Enzalutamide.  Cell  numbers  were  counted  after  24  and  48  h.  Results  are  presented 
as  means±SD  of  2  experiments  performed  in  triplicate.  *  denotes  R<0.05.  Cells  transfected  with 
shRNA  against  p52  exhibited  lower  cell  survival  when  treated  with  Enzalutamide. 

Figure  31:  NE-kB2/p52  induces  higher  expression  of  AR  splice  variants.  Total  RNAs  from 
ENCaP  (A)  and  C4-2B  (B)  cells  transfected  with  empty  vector  or  p52  were  analyzed  by  qRT- 
PCR  for  the  expression  of  PE  AR  and  AR-V7  in  media  containing  either  PBS  or  CS-PBS. 
Expression  of  p52  enhanced  the  levels  of  AR-V7  while  levels  of  PE  AR  remained  unchanged. 
Right  panels,  immunoblotting  of  above  lysates  with  antibodies  specific  against  either  PE  AR  or 
AR-V7.  C)  Total  RNAs  from  LN-p52  and  EN-neo  cells  were  analyzed  by  qRT-PCR  for  the 
expression  levels  of  PE  AR  or  AR-V7.  EN-p52  cells  showed  higher  levels  of  expression  of  AR- 
V7  compared  to  LN-neo  cells,  while  PE  AR  levels  were  unaffected.  Right  panel,  immunoblotting 
of  above  lysates  with  antibodies  against  PE  AR  or  AR-V7.  Results  are  presented  as  means±SD 
of  2  experiments  performed  in  triplicate.  *  denotes  R<0.05. 

Figure  32:  Downregulation  of  NF-kB2/p52  in  CaP  cells  reduces  expression  of  AR  splice 
variants.  VCaP  (A)  and  CWR22Rvl  (B)  cells  were  transfected  with  either  control  shRNA  or 
shRNA  against  p52  and  expression  levels  of  the  indicated  AR  splice  variants  were  analyzed  by 
qRT-PCR.  Downregulation  of  p52  led  to  a  decrease  in  synthesis  of  AR  splice  variants  while 
expression  levels  of  EE  AR  remained  unchanged.  Right  panels  show  immunoblots  of  above 
lysates  with  antibodies  against  PE  AR  or  AR-V7.  Results  are  presented  as  means±SD  of  3 
experiments  performed  in  triplicate.  *  denotes  R^O.OS. 

Figure  33:  Downregulation  of  EE  AR  and  AR-V7  increase  sensitivity  of  p52-expressing  CaP 
cells  to  Enzalutamide.  A)  EN-p52  and  EN-neo  cells  were  transfected  with  siRNAs  specific  to 
either  PE  AR  or  AR-V7  and  were  treated  with  0  or  20  qM  Enzalutamide.  Cell  numbers  were 
counted  after  48  h.  Results  are  presented  as  means±SD  of  3  experiments  performed  in  triplicate. 
Downregulation  of  either  PE  AR  or  AR-V7  increased  sensitivity  of  EN-p52  cells  to 
Enzalutamide.  VCaP  (B)  and  CWR22Rvl  (C)  cells  were  transfected  with  PSA-E/P-Euc  reporter, 
empty  vector  or  p52  together  with  siRNAs  against  PE  AR  or  AR-V7.  Cells  were  treated  with  0 
or  40  pM  Enzalutamide  and  luciferase  assays  were  performed  after  48  h.  Results  are  presented  as 
means±SD  of  2  experiments  performed  in  triplicate.  *  denotes  E<0.05.  Downregulation  of  either 
PE  AR  or  AR-V7  suppressed  p52-induced  activation  of  AR  in  both  VCaP  and  CWR22Rvl  cells. 

Figure  34:  HnRNPAl  promotes  generation  of  AR  splice  variants.  A)  22Rvl  and  B)  VCaP  cells 
were  transfected  with  specific  siRNAs  against  hnRNPAl  or  hnRNPA2  and  the  total  RNAs  were 
subjected  to  real-time  qPCR  analysis  to  determine  the  expression  levels  of  AR  splice  variants. 
Downregulation  of  hnRNPAl  suppressed  expression  of  most  AR  splice  variants.  Results  are 
presented  as  means  ±  SD  of  3  experiments  performed  in  triplicate.  C)  Whole  cell  extracts  from 
22Rvl  and  VCaP  cells  transfected  with  siRNAs  against  hnRNPAl  or  hnRNPA2  were  subjected 
to  Western  analysis  with  indicated  antibodies.  Downregulation  of  hnRNPAl  suppressed  protein 
expression  levels  of  AR-V7  specifically.  Results  are  presented  as  representative  images  from  3 
experiments  performed  in  duplicate.  D)  LNCaP  cells  were  transfected  with  plasmids  encoding 
hnRNPAl  and  the  resulting  whole  cell  extracts  were  subjected  to  Western  blotting  with  the 
indicated  antibodies.  Overexpression  of  hnRNPAl  enhanced  protein  levels  of  AR-V7  in  ENCaP 
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cells  which  express  undetectable  levels  of  AR-V7  protein.  Results  are  presented  as  representative 
images  from  3  experiments.  E)  Total  RNAs  from  LNCaP  cells  transfected  with  plasmids 
encoding  hnRNPAl  were  subjected  to  qPCR  analysis  to  determine  the  levels  of  AR  splice 
variants.  Overexpression  of  hnRNPAl  enhanced  expression  of  most  AR  splice  variants.  Results 
are  presented  as  means  ±  SD  of  3  experiments  performed  in  triplicate.  *  denotes  ^><0.05. 

Figure  35:  Association  between  hnRNPAl  and  AR-V7  is  enhanced  in  enzalutamide -resistant 
PCa  cells.  A)  22Rvl  vs.  22Rvl-Enza-R  and  C)  C4-2B  vs.  C4-2B-Enza-R  cells  were  analyzed  by 
RNA  Immunoprecipitation  (RIP)  assays  to  determine  the  degree  of  association  between 
hnRNPAl  protein  and  AR-V7  mRNA.  Higher  levels  of  AR-V7  mRNAs  were  associated  with 
hnRNPAl  protein  in  both  22Rvl  and  C4-2B  cells  resistant  to  enzalutamide.  B)  22Rvl  vs. 
22Rvl-Enza-R  and  D)  C4-2B  vs.  C4-2B-Enza-R  cells  were  analyzed  by  RIP  assays  to  determine 
the  association  between  hnRNPAl  and  full  length  AR  mRNA.  No  significant  differences  were 
observed  in  association  between  hnRNPAl  and  PE  AR  mRNA.  Results  are  presented  as  means  ± 
SD  of  2  experiments  performed  in  duplicate.  *  denotes  ^><0.05. 

Figure  36:  Expression  levels  of  hnRNPAl  and  AR-V7  are  positively  correlated  with  each  other. 
A)  Whole  cell  lysates  from  27  paired  benign  and  tumor  patient  samples  were  analyzed  by 
Western  blotting  to  examine  the  expression  levels  of  hnRNPAl,  hnRNPA2  and  AR-V7.  A 
representative  immunoblot  is  shown.  B)  Table  showing  the  summary  of  results  from  the  western 
analysis  of  27  paired  benign  and  tumor  clinical  prostate  samples.  Expression  levels  of  hnRNPAl, 
AR-V7  and  hnRNPA2  were  higher  in  tumor  tissues  in  44%,  48%  and  44%  of  the  samples 
respectively.  qRT-PCR  of  mRNA  levels  of  hnRNPAl  (C)  and  AR-V7  (D)  in  10  paired  normal 
and  tumor  clinical  prostate  samples.  Expression  levels  of  hnRNPAl  and  AR-V7  were  higher  in 
tumor  tissues  compared  to  normal  counterparts  and  were  positively  correlated  with  each  other. 
Results  are  presented  as  means  ±  SD  of  2  experiments  performed  in  triplicate.  *  denotes  ^><0.05. 
Relative  expression  levels  of  hnRNPAl  (E)  and  hnRNPA2  (F)  in  a  GEO  dataset  were  analyzed. 
Expression  levels  of  both  proteins  increased  progressively  from  primary  PCa  to  metastatic  PCa 
compared  to  benign  prostate  tissue.  Relative  expression  levels  of  hnRNPAl  (G)  and  hnRNPA2 
(H)  were  analyzed  in  the  Singh_prostate  (n=102)  dataset  using  Oncomine  database.  Expression 
levels  of  both  proteins  were  higher  in  PCa  compared  to  normal  prostate  tissue. 

Figure  37:  Reciprocal  regulation  between  c-Myc  and  hnRNPAl  is  responsible  for  the  generation 
of  AR  splice  variants.  A)  Expression  levels  of  hnRNPAl  and  AR-V7  were  analyzed  by 
immunoblotting  in  22Rvl  and  VCaP  cells  transfected  with  shRNAs  against  c-Myc. 
Downregulation  of  c-Myc  expression  resulted  in  downregulation  of  AR-V7  and  hnRNPAl 
expression.  Results  are  shown  as  representative  images  from  2  experiments  performed  in 
duplicate.  B)  Expression  of  c-Myc  was  analyzed  by  Western  blotting  in  LNCaP,  22Rvl  and 
VCaP  cells  transfected  with  siRNAs  against  either  hnRNPAl  or  hnRNPA2.  Protein  levels  of  c- 
Myc  were  downregulated  when  hnRNPAl  expression  was  suppressed  in  all  cell  lines  tested. 
Results  are  shown  as  representative  images  from  2  experiments  performed  in  duplicate.  mRNA 
levels  of  full  length  AR  and  AR  splice  variants  were  analyzed  by  qRT-PCR  in  22Rvl  (C)  and 
VCaP  (D)  cells  transfected  with  shRNA  against  c-Myc.  Downregulation  of  c-Myc  resulted  in 
suppression  of  AR  splice  variant  expression  in  both  cell  lines  which  express  AR  splice  variants 
endogenously.  Insets  show  the  relative  expression  of  c-Myc  mRNA  in  cells  transfected  with 
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control  shRNA  or  shRNA  against  c-Myc.  Results  are  presented  as  means  ±  SD  of  2  experiments 
performed  in  triplieate.  *  denotes  j!7<0.05. 

Figure  38:  NF-kB2/p52  regulates  expression  of  c-Mye  and  hnRNPAl .  A)  Left  panel.  Western 
analysis  showed  that  LNCaP  eells  stably  expressing  p52  (LN-p52)  express  higher  levels  of 
hnRNPAl,  e-Mye  and  AR-V7.  Right  panel,  Induetion  of  p52  expression  by  doxyeyeline  (DOX) 
in  LNCaP  eells  expressing  p52  under  the  eontrol  of  a  tetraoyoline-indueible  promoter 
(LN/TR/p52)  induced  the  expression  of  hnRNPAl,  c-Myc  and  AR-V7.  B)  Left  panel.  Western 
blotting  revealed  that  downregulation  of  hnRNPAl  using  siRNA  abolished  the  protein  levels  of 
AR-V7  in  LN-p52  eells.  Middle  panel,  Downregulation  of  c-Mye  using  shRNA  abolished  the 
expression  of  AR-V7  and  hnRNPAl  in  LN-p52  eells.  Right  panel,  Downregulation  of  p52  using 
shRNA  suppressed  expression  of  AR-V7,  hnRNPAl  and  c-Mye  in  22Rvl  cells  whieh  express 
endogenous  levels  of  p52.  C)  Left  panel,  22Rvl  eells  resistant  to  enzalutamide  (22Rvl-Enza-R) 
express  higher  levels  of  AR-V7,  hnRNPAl,  e-Myc  and  NF-kB2/p52.  Middle  panel,  C4-2B  eells 
resistant  to  enzalutamide  (C4-2B-Enza-R)  also  express  higher  levels  of  hnRNPAl,  AR-V7,  e- 
Myc  and  NF-kB2/p52.  Right  panel.  Xenografts  generated  from  C4-2B-Enza-R  eells  also  exhibit 
higher  levels  of  AR-V7,  hnRNPAl  and  e-Mye.  D)  Left  panel,  Downregulation  of  hnRNPAl 
using  siRNA  abolished  the  expression  of  AR-V7  in  22Rvl-Enza-R  eells.  Right  panel, 
Downregulation  of  c-Mye  using  shRNA  abolished  the  expression  of  AR-V7  and  hnRNPAl  in 
22Rvl-Enza-R  cells.  All  results  are  shown  as  representative  images  from  2  experiments 
performed  in  duplieate.  E)  Left  panel.  Chart  depieting  the  positive  eorrelation  between  relative 
mRNA  levels  of  NF-kB2/p52,  e-Mye,  hnRNPAl  and  AR-V7  in  10  paired  benign  and  tumor 
prostate  elinical  samples  from  Fig.  3B.  Right  panel.  Chart  depieting  the  correlation  between 
relative  protein  levels  of  NF-kB2/p52,  e-Myc,  hnRNPAl  and  AR-V7  in  27  paired  benign  and 
tumor  prostate  elinical  samples  from  Fig.  3A.  Band  intensities  in  immunoblots  were  quantified 
using  Image!  software  and  plotted  as  arbitrary  units  output  by  Image!. 

Figure  39:  Suppression  of  hnRNPAl  restores  enzalutamide  sensitivity  of  enzalutamide-resistant 
prostate  eaneer  eells.  A)  Left  panel,  22Rvl-Enza-R  eells  were  transfected  with  siRNAs  against 
either  hnRNPAl  or  hnRNPA2  and  subjeeted  to  treatment  with  vehiele  or  20  pM  enzalutamide. 
Cell  numbers  were  counted  after  48  h.  Downregulation  of  hnRNPAl  resensitized  22Rvl-Enza-R 
eells  to  enzalutamide.  Right  panel,  immunoblots  confirm  the  downregulation  of  hnRNPAl  or 
hnRNPA2  and  of  AR-V7.  B)  Left  panel,  LN-p52  cells  (resistant  to  enzalutamide)  were 
transfeeted  with  siRNAs  against  either  hnRNPAl  or  hnRNPA2  and  subjeeted  to  treatment  with 
vehiele  or  20  pM  enzalutamide.  Cell  numbers  were  eounted  after  48  h.  Downregulation  of 
hnRNPAl  resensitized  FN-p52  cells  to  enzalutamide.  Right  panel,  immunoblots  eonfirm  the 
downregulation  of  hnRNPAl  or  hnRNPA2  and  of  AR-V7.  C)  Left  panel,  VCaP  eells  (resistant  to 
enzalutamide)  were  transfeeted  with  siRNAs  against  either  hnRNPAl  or  hnRNPA2  and 
subjeeted  to  treatment  with  vehiele  or  20  pM  enzalutamide.  Cell  numbers  were  eounted  after  48 
h.  Downregulation  of  hnRNPAl  resensitized  VCaP  eells  to  enzalutamide.  Results  are  presented 
as  means  ±  SD  of  3  experiments  performed  in  triplieate.  *  denotes  ^><0.05.  Right  panel, 
immunoblots  confirm  the  downregulation  of  hnRNPAl  or  hnRNPA2  and  of  AR-V7.  D)  Pietorial 
representation  of  role  of  the  NF-kB2/p52:c-Myc:hnRNPAl;AR-V7  axis  in  castration  and  drug 
resistance  in  PCa. 
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Figure  40:  Suppression  of  steroidogenic  enzymes  reduces  intracrine  androgen  levels  in  p52- 
expressing  cells.  Levels  of  intracellular  testosterone  (A)  and  dihydro  testosterone  (B)  were 
measured  by  LC-MS  analysis  in  LN-p52  cells  stably  expressing  shRNAs  against  either  AKR1C3 
or  CYP17A1.  Intracellular  testosterone  as  well  as  dihydro  testosterone  levels  were  reduced 
significantly  in  LN-p52-shAKRlC3  and  LN-p52-shCYP17Al  cells  compared  to  control  LN- 
p52-shEGFP  cells.  C)  Levels  of  intracellular  testosterone  were  measured  by  LC-MS  analysis  in 
LNCaP  cells  stably  overexpressing  AKR1C3.  LNCaP-AKRlC3  cells  synthesized  higher  levels 
of  testosterone  compared  to  control  LNCaP -Empty  Vector  cells. 

Figure  41:  Steroidogenic  enzymes  modulate  castration-resistant  growth  of  CaP  cells.  A)  LN- 
p52-shEGFP,  EN-p52-shAKRlC3  and  EN-p52-shCYP17Al  cells  were  subjected  to  growth  in 
media  containing  CS-FBS  and  cell  numbers  were  monitored  at  0,  24,  48  and  72  h. 
Downregulation  of  either  AKR1C3  or  CYP17A1  by  shRNA  diminished  the  ability  of  EN-p52 
cells  to  survive  in  androgen-depleted  media.  B)  ENCaP-neo  control  and  LNCaP -AKR1C3  cells 
were  subjected  to  growth  in  media  containing  CS-FBS  and  cell  numbers  were  monitored  at  0,  24, 
48  and  72  h.  LNCaP  cells  stably  overexpressing  AKR1C3  exhibited  higher  survival  and  growth 
rate  in  androgen-depleted  media. 

Figure  42:  Let-7c  modulates  castration-resistant  growth  of  CaP  cells.  A)  LN-p52  cells  infected 
with  lentiviruses  encoding  either  empty  vector  or  let-7c  were  subjected  to  growth  in  media 
containing  CS-FBS  and  cell  numbers  were  monitored  at  0,  24,  48  and  72  h.  LN-p52  cells 
infected  with  let-7c  exhibited  lower  rates  of  survival  in  androgen  depleted  media.  B)  C4-2B  cells 
stably  expressing  let-7c  and  C4-2B  parental  control  cells  were  subjected  to  growth  in  androgen 
depleted  media.  Ability  of  castration  resistant  C4-2B  cells  to  survive  and  grow  in  androgen- 
depleted  media  was  diminished  by  overexpression  of  let-7c. 


Supplementary  Figure  Legends 

Supplementary  Figure  1  (related  to  Fig,  35).  Association  of  hnRNPAl  and  hnRNPA2  with  the 
minor  AR  splice  variants  AR-Vl  (A),  AR-V5  (B),  AR-l/2/2b  (C)  and  AR-l/2/3/2b  (D)  was 
analyzed  after  RNA  immunoprecipitation  assays  by  qRT-PCR  in  22Rvl  and  22Rvl-Enza-R 
cells.  Association  of  hnRNPAl  and  hnRNPA2  with  the  minor  AR  splice  variants  AR-Vl  (E), 
AR-V5  (F),  AR-l/2/2b  (G)  and  AR-l/2/3/2b  (H)  was  analyzed  after  RNA  immunoprecipitation 
assays  by  qRT-PCR  in  C4-2B  and  C4-2B-Enza-R  cells.  *  denotes ^><0.05. 

Supplementary  Figure  2  (related  to  Fig.  36),  A)  Immunoblots  showing  relative  expression 
levels  of  hnRNPAl,  AR-V7  and  hnRNPA2  in  27  paired  benign  and  tumor  clinical  prostate 
samples.  B)  qRT-PCR  analysis  showing  relative  mRNA  levels  of  hnRNPA2  in  10  paired  benign 
and  tumor  clinical  prostate  samples.  C)  Summary  of  analyses  of  expression  levels  of  hnRNPAl 
and  hnRNPA2  in  21  datasets  from  Oncomine.  D)  Relative  expression  levels  of  hnRNPA2  in 
GDS2545  and  GDS1439  datasets  from  GEO. 

Supplementary  Figure  3  (related  to  Fig,  38).  A)  qRT-PCR  showing  the  relative  expression 
levels  of  full  length  AR  and  AR  splice  variants  in  FN-p52  cells  transfected  with  siRNA  against 
hnRNPAl.  B)  qRT-PCR  showing  the  relative  expression  levels  of  full  length  AR  and  AR  splice 
variants  in  LN-p52  cells  transfected  with  shRNA  against  c-Myc.  Inset  shows  the  downregulation 
of  c-Myc  expression  by  shRNA. 
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Figure  27 
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Abstract 

Castration  resistant  prostate  eaneer  (CRPC)  remains  dependent  on  androgen  reeeptor 
(AR)  signaling.  Alternative  splieing  of  the  AR  to  generate  eonstitutively  aetive,  ligand- 
independent  variants  is  one  of  the  prineipal  meehanisms  that  promote  the  development  of 
resistanee  to  next-generation  anti-androgens  sueh  as  enzalutamide.  Here,  we  demonstrate  that  the 
splieing  faetor  heterogeneous  nuelear  RNA-binding  protein  A1  (hnRNPAl)  plays  a  pivotal  role 
in  the  generation  of  AR  spliee  variants  sueh  as  AR-V7.  HnRNPAl  is  overexpressed  in  prostate 
tumors  eompared  to  benign  prostates  and  its  expression  is  regulated  by  NF-kappaB2/p52  and  e- 
Mye.  CRPC  eells  resistant  to  enzalutamide  exhibit  higher  levels  of  NF-kappaB2/p52,  e-Mye, 
hnRNPAl,  and  AR-V7.  Levels  of  hnRNPAl  and  of  AR-V7  are  positively  eorrelated  with  eaeh 
other  in  PCa.  The  regulatory  eircuit  involving  NF-kappaB2/p52,  e-Mye  and  hnRNPAl  plays  a 
eentral  role  in  the  generation  of  AR  spliee  variants.  Downregulation  of  hnRNPAl  and 
eonsequently  of  AR-V7  resensitizes  enzalutamide-resistant  eells  to  enzalutamide,  indieating  that 
enhaneed  expression  of  hnRNPAl  may  eonfer  resistanee  to  AR-targeted  therapies  by  promoting 
the  generation  of  spliee  variants.  These  findings  may  provide  a  rationale  for  eo-targeting  these 
pathways  to  aehieve  better  effieaey  through  AR  bloekade. 
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Introduction 

Prostate  cancer  (PCa)  remains  the  2nd  most  lethal  disease  for  males  in  western  countries. 
The  development  of  abiraterone  and  enzalutamide  marked  the  continuing  success  of  androgen 
deprivation  therapy  (ADT)  practiced  for  over  70  years,  reinforcing  the  concept  that  androgen 
receptor  (AR)  is  the  key  factor  for  metastatic  castration-resistant  PCa  (CRPC)  progression  and 
lethality.  However,  like  earlier  ADT,  these  new  therapies  have  a  short  efficacy  due  to  primary  or 
acquired  resistance.  A  major  form  of  ADT-resistance  in  PCa  is  the  generation  of  AR  splicing 
variants  that  lack  the  ligand-binding-domain,  thus  evading  binding  of  anti-androgens  such  as 
Bicalutamide  and  Enzalutamide.  Several  reports  have  documented  the  expression  of  alternatively 
spliced  AR-Vs  lacking  the  C-terminal  ligand  binding  domain  in  PCa  cells,  which  are 
constitutively  nuclear  and  active  even  in  the  absence  of  androgens,  thus  indicating  their  potential 
role  in  the  acquisition  of  the  CRPC  phenotype.  Expression  of  these  variants  arises  from  the 
inclusion  of  cryptic  exons  located  in  intron  2  and  3  of  the  AR  gene,  which  inserts  premature  stop 
codons  and  termination  sites,  yielding  shorter  AR  proteins  of  75  80  kDa  lacking  the  androgen¬ 
binding  domain  (1,  2).  Truncated  AR-Vs  such  as  AR-V7  (AR3)  and  can  function 

independently  of  full-length  AR  and  their  selective  knockdown  can  suppress  androgen- 
independent  growth  of  CRPC  cells.  Alternatively,  AR-Vs  may  play  important  roles  in  activating 
the  full  length  AR  in  a  ligand-independent  manner  (3).  AR-Vs  confer  resistance  to  not  only  AR 
targeted  therapies  (4,  5)  but  to  conventional  chemotherapeutics  such  as  taxanes  used  as  first  line 
therapies  against  CRPC  (6).  These  splice  variants  are  rapidly  induced  after  androgen  deprivation 
and  are  suppressed  after  restoration  of  androgen  supply  (7).  The  mechanisms  mediating 
increased  expression  of  aberrant  AR-Vs  in  PCa  are  still  largely  unknown.  One  possible  cause  of 
defective  splicing  is  the  genomic  rearrangement  and/or  intragenic  deletions  of  the  AR  locus  in 
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CRPC  (8).  Alternatively,  aberrant  expression  of  speoifie  splieing  faetors  in  PCa  eells  may  also 
eontribute  to  unbalaneed  splieing  and  aberrant  reeognition  of  eryptie  exons  in  the  AR  gene. 
Understanding  the  moleeular  meehanism  of  AR-Vs  produetion  will  faeilitate  the  design  of 
meehanism-based  inhibitors,  extending  the  effieaey  of  eurrent  ADT,  and  possibly  treating 
progression  of  CRPC  and  prolonging  patient  survival. 

The  importanee  of  alternative  messenger  RNA  splieing  in  regulatory  eireuits  is 
underscored  by  the  fact  that  >90%  of  human  genes  encode  transcripts  that  undergo  at  least  one 
alternative  splicing  event  with  a  frequency  higher  than  10%  (9,  10).  Alternative  splicing  plays 
important  roles  in  development,  physiology,  and  disease  and  is  often  disturbed  in  inflammatory 
disorders  and  cancers  (11,  12).  Alternative  splicing  modulates  the  generation  of  protein  isoforms 
with  distinct  structural  and  functional  properties  or  affects  mRNA  stability,  by  the  insertion  of 
premature  stop  codons,  and  translatability,  by  altering  microRNA  target  sites  (13).  Two  nuclear 
RNA-binding  protein  families,  heterogeneous  nuclear  ribonucleoproteins  (hnRNP)  and 
serine/arginine-rich  proteins  (SR),  play  pivotal  roles  in  regulation  of  alternative  splicing.  The 
hnRNP  family  consists  of  ~20  members  which  bind  to  splicing  silencers  located  in  exons  or 
introns  to  promote  exon  exclusion  and  act  as  splicing  repressors  (13).  The  best  characterized 
proteins  of  this  group  are  hnRNP  A 1  and  hnRNP  A2,  which  share  a  high  degree  of  sequence  and 
functional  homology  (14).  HnRNPAl  and  hnRNPA2  are  over-expressed  in  various  kinds  of 
tumors  and  serve  as  early  tumor  biomarkers  (15-17).  The  SR  family  includes  >20  members 
which  bind  to  splicing  enhancers  and  predominantly  function  to  counterbalance  the  activity  of 
hnRNP  proteins  (18).  Splicing  factor  2/alternative  splicing  factor  (SF2/ASF),  the  best 
characterized  member  of  the  SR  family,  is  up-regulated  in  multiple  human  cancers,  including 
lung  and  cervical  cancers,  and  plays  important  roles  in  the  establishment  and  maintenance  of 
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cellular  transformation  (19).  During  tumor  progression,  stimuli  from  the  tumor 
microenvironment  may  affect  the  expression  and/or  activity  of  splicing  regulatory  factors,  thus 
perturbing  the  physiological  splicing  program  of  genes  involved  in  cellular  processes.  An 
increasing  body  of  evidence  indicates  that  splicing  variants  of  many  cancer-related  genes  can 
directly  contribute  to  the  oncogenic  phenotype  and  to  the  acquisition  of  resistance  to  therapeutic 
treatments  (11,  12,  20).  Hence,  understanding  the  functional  role(s)  of  cancer-associated 
alternative  splicing  variants  and  the  mechanisms  underlying  their  production  offers  the  potential 
to  develop  novel  diagnostic,  prognostic  and  more  specific  anticancer  therapies. 

In  the  present  study,  we  investigated  the  mechanisms  involved  in  aberrant  splicing  of  AR 
transcripts  in  a  constitutively  occurring  setting  as  well  as  in  response  to  chronic  treatment  with 
enzalutamide.  Our  results  show  that  the  splieing  faetor  hnRNPAI  plays  a  major  role  in 
generation  of  AR-Vs.  We  also  demonstrate  that  enhanced  expression  of  hnRNPAI  may  be 
mediated  by  c-Myc  and  NF-kappaB2/p52,  thus  paving  the  way  for  increase  in  transcript  numbers 
of  eonstitutively  active  splice  variants  and  contributing  to  CRPC  therapy  resistanee. 

Materials  and  Methods 
Cell  lines  and  reagents 

LNCaP,  CWR22Rvl  and  VCaP  cells  were  obtained  in  2001  from  the  American  Type 
Culture  Collection  (ATCC,  Manassas,  VA)  and  were  cultured  in  RPMI  containing  10%  complete 
FBS  and  penieillin/streptomycin.  ATCC  uses  Short  Tandem  Repeat  (STR)  profiling  for  testing 
and  authentication  of  cell  lines.  C4-2B  eells  were  kindly  provided  and  authentieated  by  Dr. 
Leland  Chung,  Cedars-Sinai  Medical  Center,  Los  Angeles,  CA  in  2006.  All  experiments  with 
these  eell  lines  were  performed  within  6  months  of  resuseitation  after  cryopreservation.  LNCaP 
cells  stably  expressing  NF-kappaB2/p52  were  generated  by  stable  transfection  of  LNCaP  cells 
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with  plasmids  expressing  NF-kappaB2/p52  as  deseribed  previously  (21)  and  were  not 
authentieated  further.  22Rvl  and  C4-2B  eells  resistant  to  enzalutamide  (22Rvl-Enza-R  and  C4- 
2B-Enza-R)  were  generated  by  ehronie  eulture  of  22Rvl  and  C4-2B  eells  in  enzalutamide  as 
described  previously  (22,  23)  and  were  not  authenticated  further.  Antibodies  against  NE- 
kappaB2/p52  (K-27),  AR  (441;  mouse  monoclonal),  HA,  Tubulin,  U2AE65  and  ASF/SF2  were 
from  Santa  Cruz  Biotechnologies.  Antibodies  against  splicing  factors  hnRNPAl  (9H10)  and 
hnRNPA2Bl  (DP3B3)  were  from  Sigma- Aldrich  and  AbCam  respectively.  Sso  Fast™  Eva 
Green  qPCR  Supermix  was  from  Bio-Rad.  All  other  reagents  were  of  analytical  grade  and 
obtained  from  local  suppliers. 

Cell  growth  assays 

Plasmid  transfections  were  performed  using  Attractene  transfection  reagent  (Qiagen). 
Oligonucleotide  siRNA  transfections  were  performed  using  Lipofectamine  2000  transfection 
reagent  (Invitrogen).  Viable  cell  numbers  were  determined  using  a  Coulter  cell  counter 
(Beckman  Coulter). 

Western  Blot  Analysis 

Cells  were  lysed  in  high  salt  buffer  containing  50  mM  Hepes  pH  7.9,  250  mM  NaCl,  1 
mM  EDTA,  1%  NP-40,  1  mM  PMSF,  1  mM  Na  Vanadate,  1  mM  NaE  and  protease  inhibitor 
cocktail  (Roche).  Total  protein  was  estimated  using  the  Coomassie  Protein  Assay  Reagent 
(Pierce).  Equal  amounts  of  protein  were  loaded  on  10%  SDS  PAGE  and  transferred  to 
nitrocellulose  membranes.  The  membranes  were  blocked  with  5%  nonfat  milk  in  PBST  (lx 
PBS+0.1%  Tween-20)  and  probed  with  indicated  primary  antibodies  in  1%  BSA.  The  signal  was 
detected  by  ECL  (Millipore)  after  incubation  with  the  appropriate  HRP-conjugated  secondary 
antibodies. 
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Real-Time  quantitative  RT-PCR 

Total  RNAs  were  extraeted  using  TriZOL  reagent  (Invitrogen).  1  jig  of  total  RNAs  were 
subjeeted  to  digestion  with  RNase-free  RQl  DNase  (Promega)  and  eDNAs  were  prepared  using 
ImProm^'  Reverse  Transcriptase  (Promega)  according  to  manufacturer’s  instructions.  The 
cDNAs  were  analyzed  by  real-time  reverse  transcription-PCR  (RT-PCR)  using  Sso  Fast™  Eva 
Green  Supermix  (Bio-Rad)  as  described  previously  (24).  Each  reaction  was  normalized  by  co- 
amplification  of  actin.  Triplicates  of  samples  were  run  on  a  Bio-Rad  CEX-96  real-time  cycler. 
RNA  Immunoprecipitation  Assay  (RIP) 

RIP  assays  were  performed  as  described  earlier  (25).  RNA-protein  complexes  were 
crosslinked  using  1%  formaldehyde.  Nuclear  extracts  were  immunoprecipitated  with  antibodies 
against  indicated  RNA-binding  splicing  factors.  Isotype-matched  IgG  was  used  as  control. 
Bound  RNAs  were  purified,  reverse  transcribed  and  the  levels  of  indicated  transcripts  were 
analyzed  by  qPCR.  Splice  sites  in  the  full  length  AR  pre-mRNA  were  detected  using  ESRsearch 
and  ESEFinder  programs  (Suppl.  Fig.  1). 

Human  clinical  specimens 

Paired  benign  and  tumor  prostate  tissue  extracts  were  described  previously  (26).  Total 
RNAs  from  human  clinical  specimens  used  for  measurement  of  splicing  factor  transcript  levels 
were  described  previously  (27). 

Gene  Expression  Omnibus  Analysis 

Two  separate  datasets  from  NCBI  GEO  were  screened  independently  for  expression 
levels  of  hnRNPAl,  hnRNPA2,  U2AE65  and  SE2/ASF.  GDS1439  (28)  compared  specimens  of 
benign  prostatic  hyperplasia  with  clinically  localized  primary  PCa  and  metastatic  PCa.  GDS2545 
(29)  compared  normal  prostate  specimens  without  any  pathology,  normal  prostate  adjacent  to 
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tumor,  primary  prostate  tumor,  and  metastatic  PCa.  Significant  differences  between  groups  were 
determined  using  Microsoft  Excel  Tools. 

Oncomine  Analysis 

Data  sets  generated  from  four  comparisons  of  normal  prostate  tissue  with  prostate 
carcinoma:  Lapointe_prostate  (30),  Wallace_prostate  (31),  Singh_prostate  (32)  and  Yu_prostate 
(33)  were  analyzed  using  the  differential  expression  function  of  Oncomine. 

Statistical  Analyses 

Data  are  shown  as  means  ±  SD.  Multiple  group  comparison  was  performed  by  one-way 
ANOVA  followed  by  the  Scheffe  procedure  for  comparison  of  means.  E^O.OS  was  considered 
significant. 

Results 

HnRNPAl  regulates  the  expression  of  AR  variants 

To  test  whether  generation  of  AR  variants  by  alternative  splicing  is  dependent  upon 
expression  of  hnRNPs,  we  analyzed  expression  levels  of  full  length  AR  and  of  variants  such  as 
AR-V7,  AR-Vl,  AR-V5,  AR-l/2/2b  and  AR-l/2/3/2b  using  qRT-PCR  in  22Rvl  and  VCaP  PCa 
cells  transfected  with  siRNAs  against  hnRNPAI  and  hnRNPA2.  Downregulation  of  hnRNPAI 
and  hnRNPA2  decreased  the  expression  levels  of  AR  variants  in  22Rvl  and  VCaP  cells  (Fig. 
lA,  IB  &  Suppl.  Fig.  2A,  2B).  Insets  in  Fig.  lA  and  B  confirm  the  downregulation  of  hnRNPAI 
and  hnRNPA2  by  specific  siRNAs.  The  downregulation  of  hnRNPAI  and  the  resultant 
suppression  of  AR-V7  protein  levels  were  confirmed  by  Western  blot  analysis  (Fig.  1C).  The 
protein  levels  of  AR-V7  variant  were  decreased  in  both  22Rvl  and  VCaP  cells  transfected  with 
hnRNPAI  siRNA.  These  results  indicate  that  hnRNPAI  may  regulate  the  generation  of  AR-Vs 
in  PCa  cells. 
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Next,  we  tested  whether  overexpression  of  hnRNPAI  affeets  the  expression  levels  of 
AR-Vs.  LNCaP  eells  were  transfeeted  with  full  length  hnRNPAI  eDNA  and  levels  of  AR-Vs 
were  analyzed  by  Western  blotting  and  qRT-PCR.  Overexpression  of  hnRNPAI  enhaneed  AR- 
V7  protein  levels  in  LNCaP  eells  whieh  possess  undeteetable  endogenous  levels  of  AR-V7 
protein  (Fig.  ID).  qRT-PCR  eonfirmed  that  overexpression  of  hnRNPAI  signifieantly  enhaneed 
the  mRNA  levels  of  AR-V7,  AR-V5,  AR-l/2/2b  and  AR-l/2/3/2b  variants  in  LNCaP  eells  (Fig. 
IE  &  Suppl.  Fig.  2C).  Inset  in  Fig.  IE  eonfirms  the  overexpression  of  hnRNPAI  after 
transfeetion  in  ENCaP  eells.  These  results  using  downregulation  as  well  as  overexpression  of 
hnRNPAI  suggest  that  hnRNPAI  plays  an  important  role  in  the  generation  of  AR  spliee 
variants. 

Recruitment  of  hnRNPAI  to  splice  sites  in  AR  pre-mRNA  is  increased  in  enzalutamide- 
resistant  cells 

We  found  hnRNP  binding  sites  (UAGGGA)  in  the  full  length  AR  mRNA  using  sequenee 
analysis  and  ESRSeareh  program  (Suppl.  Fig.  1).  To  determine  whether  hnRNPAI  is  reeruited  to 
spliee  sites  in  the  AR  pre-mRNA,  we  performed  RNA  Immunopreeipitation  (RIP)  assays  using 
speeifie  antibodies  against  hnRNPAI  and  hnRNPA2  in  22RvI  vs.  22RvI-Enza-R  and  C4-2B  vs. 
C4-2B-Enza-R  eell  lines.  The  22Rvl-Enza-R  and  C4-2B-Enza-R  eell  lines  were  generated  by 
ehronie  exposure  to  enzalutamide  and  display  resistanee  to  enzalutamide  (22,  23).  The  degree  of 
recruitment  of  hnRNPAI  to  AR-V7  splice  sites  was  significantly  higher  in  22Rvl-Enza-R  cells 
compared  to  parental  22Rvl  cells  (Fig.  2A),  indicating  that  hnRNPAI  may  promote  generation 
of  AR-V7  in  PCa  cells  resistant  to  enzalutamide.  Even  though  the  recruitment  of  hnRNP A2  to 
AR-V7  splice  sites  was  also  enhanced  in  22Rvl-Enza-R  cells  compared  to  22Rvl  cells,  the 
recruitment  of  hnRNPAI  was  several  fold  higher  than  that  of  hnRNPA2  (Pig.  2A).  No 
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significant  differences  were  observed  in  the  recruitment  of  either  hnRNPAl  or  hnRNPA2  to  FL 
AR  splice  sites  between  22Rvl  parental  and  22Rvl-Enza-R  eells  (Fig.  2B).  We  also  analyzed 
reeruitment  of  hnRNPAl  and  hnRNPA2  to  splice  sites  for  other  AR-Vs  such  as  AR-Vl,  AR-V5, 
AR-l/2/2b  and  AR-l/2/3/2b  (Suppl.  Fig.  3A,  B,  C  &  D).  Recruitment  of  hnRNPAl  to  AR-l/2/2b 
spliee  sites  was  signifieantly  higher  in  22Rvl-Enza-R  cells  (Suppl.  Fig.  3C),  indieating  that 
hnRNPAl  may  play  a  seleetive  role  in  generation  of  AR  spliee  variants.  In  addition,  reeruitment 
of  hnRNPA2  to  AR-l/2/3/2b  spliee  sites  was  significantly  enhanced  in  22Rvl-Enza-R  eells 
(Suppl.  Fig.  3D).  These  results  imply  that  different  splicing  factors  may  function  co-operatively 
to  promote  generation  of  AR-Vs  in  enzalutamide -resistant  PCa  cells.  These  results  also  eonfirm 
that  hnRNP  proteins  are  physically  recruited  to  splice  sites  in  the  AR  pre-mRNA  with  the  degree 
of  reeruitment  inereasing  in  PCa  eells  resistant  to  enzalutamide,  indieating  that  hnRNP  proteins 
may  drive  the  generation  of  AR  spliee  variants  leading  to  enzalutamide  resistance. 

To  eonfirm  the  above  results  in  another  enzalutamide-resistant  cell  line,  we  analyzed  the 
C4-2B  vs.  C4-2B-Enza-R  eell  line  pair.  Our  results  showed  that  reeruitment  of  hnRNPAl  and 
hnRNP A2  to  AR-V7  splice  sites  was  signifieantly  enhaneed  in  C4-2B-Enza-R  cells  compared  to 
parental  C4-2B  eells  (Fig.  2C),  while,  similar  to  22Rvl-Enza-R  cells,  reeruitment  of  either 
hnRNPAl  or  hnRNP A2  to  FE  AR  splice  sites  was  not  altered  significantly  in  C4-2B-Enza-R 
cells  eompared  to  parental  C4-2B  eells  (Fig.  2D).  In  all  eases,  the  fold  enrichment  of  hnRNPAl 
at  splice  sites  on  AR  pre-mRNA  was  mueh  higher  eompared  to  hnRNPA2,  indicating  that 
hnRNPAl  may  play  a  more  central  role  in  promoting  the  expression  of  AR-Vs  (Suppl.  Fig.  3E, 
F,  G  &  H).  These  results  colleetively  demonstrate  that  different  splicing  factors  may  play 
context-  and  eell  type-dependent  roles  in  PCa  cells  in  alternative  splieing  of  the  AR. 

Expression  levels  of  hnRNPAl  are  elevated  in  PCa  tissues 
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To  determine  whether  increased  expression  of  splicing  factors  and  AR-Vs  is  associated 
with  PCa,  we  examined  the  expression  levels  of  hnRNPAl  and  hnRNPA2  by  immunoblotting  in 
lysates  from  27  archived  paired  benign  and  tumor  PCa  clinical  samples.  Levels  of  hnRNPAl  and 
hnRNPA2  were  elevated  in  ~44%  of  tumor  tissues  compared  to  matched  benign  tissues  (Fig.  3A 
and  Suppl.  Fig.  4A).  These  results  were  correlated  positively  with  the  protein  expression  levels 
of  AR-V7,  which  were  enhanced  in  ~  48%  of  tumor  tissues  compared  to  their  benign 
counterparts  (Fig.  3A  and  Suppl.  Fig.  4A).  In  addition,  expression  levels  of  hnRNPAl  and 
hnRNPA2  were  low  or  undetectable  in  9/12  and  6/12  of  donor  prostates  respectively.  These 
observations  were  also  correlated  with  expression  levels  of  AR-V7  which  were  low  or 
undetectable  in  8/12  donor  tissues  (Table  1). 

We  also  analyzed  the  mRNA  levels  of  hnRNPAl,  hnRNPA2  and  AR-V7  in  archival  total 
RNAs  extracted  from  10  pairs  of  matched  benign  and  tumor  clinical  PCa  specimens  (27,  34). 
Transcript  levels  of  hnRNPAl  were  elevated  in  5/10  of  tumor  tissues  compared  to  matched 
benign  tissues  with  no  appreciable  differences  between  tumor  and  benign  being  observed  in  the 
other  5/10  of  samples  (Fig.  3B).  Transcript  levels  of  AR-V7  were  elevated  in  6/10  tumor  tissues 
compared  to  their  matched  benign  counterparts  (Fig.  3C),  demonstrating  that  expression  of 
hnRNPAl  and  AR-V7  may  be  positively  correlated  with  each  other  in  human  PCa.  No 
significant  differences  were  observed  in  mRNA  levels  of  hnRNPA2  between  matched  tumor  and 
benign  prostate  tissues  (Suppl.  Fig.  4B). 

To  further  confirm  our  findings,  we  analyzed  expression  levels  of  hnRNPAl  and 
hnRNPA2  in  clinical  PCa  tissues  using  publicly  available  datasets  from  Gene  Expression 
Omnibus  (GEO)  and  Oncomine.  Results  from  an  analysis  of  Oncomine  datasets  revealed  that 
expression  levels  of  hnRNPAl  and  hnRNPA2  are  significantly  elevated  in  prostate  tumor  tissues 
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compared  to  benign  prostates  in  17/21  and  15/21  datasets  respectively  (Suppl.  Fig.  4C).  Results 
from  a  representative  dataset,  Singh_prostate  (n  102)  from  Oncomine  are  shown  (Fig.  3D  &  E). 
An  analysis  of  GEO  revealed  that  expression  levels  of  hnRNPAl  and  hnRNPA2  were  elevated  in 
primary  as  well  as  metastatic  PCa  compared  to  benign  prostates  (Fig.  3F  &  G  and  Suppl.  Fig. 
4D).  Data  regarding  expression  levels  of  AR-Vs  were  not  available  in  these  datasets,  but 
nonetheless,  these  results  indicate  that  elevated  levels  of  hnRNPAl  may  contribute  to  PCa 
development  and  progression.  Our  findings  eorrelate  well  with  studies  showing  that  expression 
levels  of  AR-V7  are  elevated  in  -40%  of  CRPC  tissues  (2,  35),  indicating  that  elevated 
expression  of  hnRNPAl  in  prostate  tumors  may  eontribute  to  generation  of  higher  levels  of  AR- 
Vs. 

Expression  of  hnRNPAl  is  regulated  by  c-Myc 

Previous  studies  indicated  that  hnRNPAl  and  c-Myc  exhibit  positive  reciprocal 
regulation  (36).  C-Myc  enhances  hnRNPAl  expression  transeriptionally,  while  hnRNPAl 
regulates  c-Myc  via  alternative  splieing.  Previous  studies  also  showed  that  e-Mye  is  one  of  the 
transcription  factors  which  regulate  transcription  of  the  AR  (37).  Flence,  we  analyzed  the  status 
of  e-Mye  or  hnRNPAl  when  the  expression  of  either  was  downregulated  in  PCa  eells.  Lysates 
from  22Rvl  and  VCaP  cells  transfected  with  shRNA  against  c-Myc  were  analyzed  using  speeific 
antibodies  against  hnRNPAl.  Downregulation  of  c-Mye  redueed  protein  levels  of  hnRNPAl 
signifieantly  (Fig.  4A).  Similarly,  lysates  from  LNCaP,  22Rvl  and  VCaP  cells  transfected  with 
siRNA  against  hnRNPAl  were  examined  by  immunoblotting  using  specific  antibodies  against  c- 
Myc.  Downregulation  of  hnRNPAl  reduced  protein  levels  of  c-Myc  (Fig.  4B).  These  results 
eonfirm  that  hnRNPAl  and  c-Myc  exhibit  reciproeal  regulation  in  PCa  eells.  We  also  analyzed 
whether  reduction  in  hnRNPAl  levels  by  c-Myc  shRNA  affects  expression  of  AR-Vs  in  22Rvl 
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and  VCaP  cells.  Western  blotting  and  qRT-PCR  analyses  showed  that  levels  of  AR-Vs, 
including  that  of  AR-V7,  were  abrogated  due  to  depletion  of  hnRNPAl  caused  by 
downregulation  of  c-Myc  (Fig.  4A,  C  &  D  and  Suppl.  Fig.  5).  These  findings  support  an 
important  role  for  e-Mye  in  the  generation  of  AR  spliee  variants. 

In  order  to  analyze  whether  overexpression  of  hnRNPAl  ean  overcome  the  effeets  of 
downregulation  of  Mye,  we  suppressed  expression  of  c-Mye  using  shRNA  in  22Rvl  cells 
followed  by  overexpression  of  hnRNPAl .  The  results  showed  that  even  though  suppression  of  e- 
Mye  reduced  mRNA  as  well  as  protein  levels  of  both  FL  AR  and  AR-V7,  subsequent 
overexpression  of  hnRNPAl  restored  the  expression  of  AR-V7  fully  while  having  minimal  effeet 
on  FL  AR  (Fig.  4E  &  F).  These  results  indieate  that  hnRNPAl  primarily  regulates  generation  of 
alternative  splice  variants  of  the  AR  and  not  the  generation  of  the  FL  AR. 

NF-kappaB2/p52  regulates  AR-V7  expression  via  hnRNPAl  and  c-Myc 

We  reported  earlier  that  aetivation  of  NF-kappaB2/p52  promotes  progression  to  CRPC 
and  enzalutamide  resistance  via  the  generation  of  AR  variants,  speoifieally  AR-V7  (21,  23,  24). 
Our  previous  findings  also  indieated  that  NF-kappaB2/p52  may  regulate  c-Mye  expression. 
Hence,  we  examined  whether  NF-kappaB2/p52  plays  a  role  in  the  elevated  expression  of 
hnRNPAl  and  c-Mye  in  PCa  using  lysates  from  LNCaP  cells  stably  expressing  p52  (LN-p52). 
Protein  levels  of  AR-V7,  hnRNPAl  and  e-Myc  were  elevated  in  LN-p52  eells,  while  no 
appreeiable  differenees  were  found  in  the  expression  of  hnRNPA2  (Fig.  5A,  left  panel).  These 
results  were  eonfirmed  using  LNCaP  cells  expressing  p52  under  the  eontrol  of  a  Tet- inducible 
promoter  (LN/TR/p52).  Induction  of  p52  expression  led  to  increases  in  expression  levels  of  AR- 
V7,  hnRNPAl  and  c-Mye  (Fig.  5A,  right  panel),  indieating  that  upregulation  of  AR-V7  by  p52 
may  be  mediated  by  hnRNPAl  and  e-Mye.  To  examine  the  relationship  between  hnRNPAl,  c- 
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Myc  and  AR-V7  in  LN-p52  cells,  we  analyzed  levels  of  AR-V7  by  Western  blotting  in  LN-p52 
eells  transfected  with  hnRNPAI  or  hnRNPA2  siRNAs.  Downregulation  of  hnRNPAl  abrogated 
the  expression  of  AR-V7  in  LN-p52  eells,  while  downregulation  of  hnRNPA2  did  not  have  an 
appreeiable  effeet  on  AR-V7  protein  levels  (Fig.  5B,  left  panel).  Protein  levels  of  e-Mye  were 
also  downregulated,  keeping  in  line  with  earlier  findings  that  hnRNPAI  and  e-Mye  regulate  eaeh 
other  (36).  In  addition,  expression  of  hnRNPAI  and  AR-V7  were  abolished  as  a  result  of 
downregulation  of  e-Mye  expression  in  LN-p52  cells  transfeeted  with  e-Mye  shRNA  (Fig.  5B, 
middle  panel). 

To  eonfirm  these  findings  in  a  eell  line  with  eonstitutive  expression  of  both  p52  and  AR- 
V7,  we  analyzed  levels  of  AR-V7,  hnRNPAI  and  c-Mye  by  immunoblotting  in  22Rvl  eells 
transfeeted  with  p52  shRNA.  Downregulation  of  p52  in  22Rvl  eells  abrogated  expression  of 
AR-V7,  hnRNPAI  and  e-Mye  (Fig.  5B,  right  panel).  These  results  demonstrate  that  NF- 
kappaB2/p52  may  modulate  generation  of  AR-Vs  by  regulation  of  hnRNPAI  and  e-Mye. 

PCa  cells  resistant  to  enzalutamide  exhibit  higher  levels  of  splicing  factors 

As  our  results  demonstrate  that  expression  of  hnRNPAI  and  AR  variants  may  be 
positively  eorrelated  with  eaeh  other  in  PCa  eells,  and  AR-V7  expression  has  been  shown  to  be 
involved  in  the  acquisition  of  resistance  to  enzalutamide  (3,  23),  we  tested  the  eorrelation 
between  levels  of  AR  variants  and  hnRNPAI  in  PCa  eells  that  have  aequired  resistanee  to 
enzalutamide.  22Rvl-Enza-R  and  C4-2B-Enza-R  cell  lines  exhibited  higher  levels  of  AR-V7  and 
hnRNPAI  (Pig.  5C),  indieating  that  expression  of  hnRNPAI  may  be  positively  eorrelated  with 
expression  of  AR-Vs.  Purthermore,  expression  levels  of  e-Mye  and  NP-kappaB2/p52  were  also 
elevated  in  enzalutamide-resistant  cells,  eonfirming  the  importanee  of  the  NP-kappaB2/p52:e- 
Mye:hnRNPAl:AR-V7  axis  in  enzalutamide  resistanee.  No  signifieant  differenees  were 
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observed  in  the  expression  of  hnRNPA2  in  22Rvl-Enza-R  and  C4-2B-Enza-R  eells  eompared  to 
their  parental  cells  (Fig.  5C  right  &  middle  panels).  To  confirm  these  results  in  vivo,  we  analyzed 
extracts  from  xenograft  tumors  derived  from  C4-2B  and  C4-2B-Enza-R  cells  using  antibodies 
against  AR-V7  and  hnRNPAI .  Higher  levels  of  AR-V7  were  observed  in  xenografts  derived 
from  C4-2B-Enza-R  cells,  which  was  correlated  well  with  higher  levels  of  hnRNPAI  and  c-Myc 
(Fig.  5C  right  panel),  confirming  our  observations  that  expression  of  AR-Vs  is  positively 
correlated  with  expression  of  hnRNPAI  in  PCa  cell  lines  resistant  to  enzalutamide. 

Next,  we  tested  whether  downregulation  of  hnRNPAI  affects  endogenous  levels  of  AR- 
Vs  in  22Rvl-Enza-R  cells.  Transfection  of  hnRNPAI  siRNA  abrogated  levels  of  AR-V7  in 
22Rvl-Enza-R  cells  (Fig.  5D  left  panel).  Similarly,  downregulation  of  c-Myc  by  specific  shRNA 
reduced  expression  levels  of  AR-V7  and  hnRNPAI  in  22Rvl  and  22Rvl-Enza-R  cells  (Fig.  5D 
right  panel),  confirming  the  c-Myc:  hnRNPAI:  AR-V7  axis  in  PCa  cells. 

To  confirm  the  importance  of  the  link  between  NF-kappaB2/p52,  c-Myc,  hnRNPAI  and 
AR-V7  in  PCa,  we  analyzed  the  correlation  between  their  expression  levels  at  mRNA  and 
protein  levels  in  paired  benign  and  tumor  prostate  clinical  samples  from  Fig.  3.  Transcript  (left 
panel)  and  protein  (right  panel)  levels  of  NF-kappaB2/p52,  c-Myc,  hnRNPAI  and  AR-V7  were 
positively  correlated  with  each  other  (Fig.  5E),  demonstrating  that  the  NF-kappaB2/p52:c- 
Myc:hnRNPAl:AR-V7  axis  plays  a  vital  role  in  PCa  and  in  the  development  of  castration  and 
therapy  resistance. 

Suppression  of  hnRNPAI  resensitizes  enzalutamide-resistant  PCa  cells  to  enzalutamide 

To  examine  the  functional  relevance  of  regulation  of  AR  alternative  splicing  by 
hnRNPAI,  we  tested  whether  downregulation  of  hnRNPAI  resulting  in  decreased  levels  of  AR- 
V7  resensitizes  enzalutamide-resistant  cells  to  enzalutamide.  We  examined  cell  survival  in 
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22Rvl  and  22Rvl-Enza-R  cells  transfected  with  hnRNPAl  or  hnRNPA2  siRNAs  and  treated 
with  0  and  20  jiM  enzalutamide  for  24  h.  Reduced  expression  of  hnRNPAl  enhanced  the 
sensitivity  of  enzalutamide-resistant  22Rvl-Enza-R  cells  to  enzalutamide  (Eig.  6A),  indicating 
that  upregulation  of  AR-V7  expression  by  hnRNPAl  may  be  required  to  sustain  the  acquired 
resistance  of  22Rvl-Enza-R  cells  to  enzalutamide.  Downregulation  of  hnRNPAl  and  hnRNPA2 
also  enhanced  the  sensitivity  of  EN-neo  and  EN-p52  cells  transfected  with  hnRNPAl  or 
hnRNPA2  siRNAs  and  treated  with  20  jlM  enzalutamide  to  enzalutamide  (Pig.  6B).  Suppression 
of  hnRNPAl  expression  reduced  cell  survival  by  -40-50%  when  enzalutamide-resistant  LN-p52 
cells  were  treated  with  enzalutamide.  Suppression  of  hnRNPAl  expression  also  reduced  survival 
of  VCaP  cells  when  treated  with  enzalutamide  (Pig.  6C),  confirming  the  essential  nature  of  AR 
variants  in  these  cells. 

Our  findings  collectively  demonstrate  that  hnRNPAl  plays  a  major  role  in  the  generation 
of  AR  splice  variants.  Expression  of  hnRNPAl  is  modulated  by  NP-kappaB2/p52  via  c-Myc 
(Pig.  6D).  Our  results  point  to  the  enhanced  expression  of  hnRNPAl  in  prostate  tumors  being 
instrumental  in  inducing  alternative  splicing  of  the  precursor  AR  mRNA. 

Discussion 

A  large  number  of  previous  studies  have  shown  that  C-terminally  truncated  AR-Vs  are 
expressed  in  PCa  cells  and  even  in  normal  prostate  epithelial  cells  (35,  38)  and  promote  CRPC 
progression  under  androgen  deprivation  (39,  40).  In  addition,  enhanced  expression  of  AR-V7 
confers  resistance  to  next  generation  therapeutics  such  as  enzalutamide  and  abiraterone  (4,  5). 
These  studies  attest  to  the  importance  of  AR-Vs  in  CRPC  and  co-targeting  the  mechanisms 
which  contribute  to  their  generation  may  increase  the  efficacy  of  currently  used  AR-targeted 
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therapies  and  prolong  time  to  development  of  resistanee.  Our  findings  in  this  study  demonstrate 
that  the  splieing  factor  hnRNPAl  plays  a  major  role  in  the  alternative  splicing  of  AR  mRNA. 

HnRNPAl  is  a  multifunctional  RNA-binding  protein  involved  in  the  regulation  of  RNA 
biogenesis.  HnRNPAl  is  under  the  transcriptional  control  of  the  c-Myc  proto-oncogene  and 
modulates  the  splicing  of  PKM2,  activating  the  metabolic  switch  to  aerobic  glycolysis  that  is  a 
hallmark  of  cancer  cells  (11,  36).  HnRNPAl  also  regulates  alternative  splicing  of  genes  involved 
in  invasion  and  metastasis  such  as  Racl  and  Ron  (11).  Increased  expression  of  hnRNPAl  has 
been  documented  in  proliferating  and  transformed  cells  (20)  and  in  lung,  breast,  colon,  renal  cell 
carcinomas  and  gliomas  (41-46).  HnRNPs  co-operate  with  other  splicing  factors  to  generate  pro- 
oncogenic  and  pro-inflammatory  molecules  in  cancers  (41,  47).  Silencing  of  hnRNPAl  and  A2 
promotes  apoptosis  in  human  and  mouse  cancer  cell  lines,  while  having  no  effect  on  normal 
epithelial  and  fibroblastic  cell  lines  (48). 

In  this  study,  hnRNPAl  binding  sites  (UAGGGA)  were  identified  in  AR  mRNA  using 
sequence  analysis  and  ESRSearch  program.  Downregulation  of  hnRNPAl  significantly  reduced 
the  expression  of  AR-Vs  such  as  AR-V7,  while  not  affecting  full  length  AR.  HnRNPAl  binding 
sites  were  not  detected  at  full  length  AR  splice  sites  in  the  AR  pre-mRNA.  Moreover,  the  slight 
decrease  seen  in  either  full  length  AR  mRNA  or  protein  levels  in  VCaP  or  22Rvl  cells 
respectively  (Fig.  1)  was  not  observed  consistently  in  all  experiments.  In  consideration  of  these 
observations,  we  concluded  that  hnRNPAl  does  not  play  a  significant  role  in  splicing  of  full 
length  AR  from  AR  pre-mRNA.  RNA-binding  assays  revealed  that  hnRNPAl  is  recruited  to 
splice  sites  for  AR  splice  variants.  Enhanced  expression  of  hnRNPAl  was  observed  in  PCa 
tissues  compared  to  their  benign  counterparts,  which  was  correlated  positively  with  expression  of 
AR-V7.  Increased  expression  of  hnRNPAl  was  also  correlated  with  higher  levels  of  AR-V7  in 
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PCa  cells  with  acquired  resistance  to  enzalutamide.  Exploration  of  the  mechanisms  revealed  that 
c-Myc  and  NF-kappaB2/p52  contribute  to  the  development  of  therapy  resistance  in  PCa  cells  by 
inducing  hnRNPAI  expression  and  thereby  ligand-independent  AR-Vs.  Downregulation  of 
hnRNPAl  resensitized  enzalutamide-resistant  cells  to  enzalutamide,  indicating  that  suppression 
of  hnRNPAI  resulting  in  suppression  of  AR-Vs  reversed  the  acquired  resistance  to 
enzalutamide.  These  data  led  us  to  conclude  that  hnRNPAI  is  the  central  player  in  a  splicing 
regulatory  circuit  involving  c-Myc,  NF-kappaB2/p52  and  AR. 

Our  study  demonstrates  that  elevated  levels  of  splicing  factors  such  as  hnRNPAI 
promote  expression  of  alternative  splice  forms  of  AR.  Relative  amounts  of  splicing  factors  have 
been  proposed  to  determine  alternative  splicing  (45).  A  recent  study  by  Fiu  et  al  (49)  showed 
that  recruitment,  and  not  expression,  of  splicing  factors  SF2/ASF  and  U2AF65  determines  the 
generation  of  AR  splice  variants  in  enzalutamide  resistance.  We  found  higher  levels  of 
hnRNPAI  in  PCa  clinical  samples  compared  to  SF2/ASF  (data  not  shown),  indicating  that  higher 
expression  of  a  splicing  factor,  and  not  simply  its  recruitment  to  splice  sites  under  certain 
conditions,  may  determine  the  levels  of  alternative  splice  forms.  These  results  are  supported  by 
previous  studies  which  showed  that  the  relative  levels  of  hnRNPAI  expression  increased  to  a 
greater  extent  than  those  of  SF2/ASF  in  lung  tumors  (44).  Of  note,  analysis  of  expression  levels 
of  U2AF65  and  SF2/ASF  in  PCa  tissues  using  GEO  and  Oncomine  datasets  revealed  that 
expression  levels  of  both  splicing  factors  are  elevated  in  PCa  tissues  compared  to  benign 
counterparts  (Suppl.  Fig.  6),  lending  credence  to  our  observations  that  enhanced  expression  of 
splicing  factors  may  be  one  of  the  principal  mechanisms  driving  generation  of  AR-Vs.  Elevated 
levels  of  hnRNPAI  may  conceivably  change  the  splicing  milieu  of  a  broad  spectrum  of  proteins 
in  addition  to  that  of  the  AR,  with  splicing  of  CD44  being  an  example.  But  splice  variants  of  AR 
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have  been  demonstrated  to  play  major  roles  in  resistance  to  enzalutamide,  underlining  the 
importance  of  our  results  in  splicing  regulation  of  the  AR.  Furthermore,  earlier  studies  indicated 
that  the  splice  variant  AR-l/2/3/2b  is  also  generated  by  intragenic  genomic  rearrangement  of  the 
AR  gene  due  to  duplication  of  exon  3  (1).  Our  studies  consistently  found  transcripts 
corresponding  to  this  splice  variant  in  LNCaP,  C4-2B  and  VCaP  cells,  albeit  at  extremely  low 
levels.  These  observations  warrant  further  exploration  of  the  mechanisms  involved  in  generation 
of  this  splice  variant  and  further  validation. 

In  summary,  we  demonstrated  that  hnRNPAl,  in  concert  with  NF-kappaB2/p52  and  c- 
Myc,  regulates  the  generation  of  AR-Vs  in  PCa  cells  and  that  the  NF-kappaB2/p52:c- 
Myc:hnRNPAl:AR-V7  axis  (Fig.  6D)  plays  a  pivotal  role  in  the  development  and  maintenance 
of  resistance  to  androgen  blockade.  These  findings  may  have  important  implications  in  targeting 
AR-Vs  and  the  splicing  factors  responsible  to  overcome  acquired  enzalutamide  resistance  in 
PCa. 
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T>B 

1<B 

T  B 

High  in 
donor 

Low  in 
donor 

hnRNPAl 

12  (44%) 

8  (29%) 

7  (26%) 

3/12 

9/12 

AR-V7  13  (48%)  7  (25%) 

7  (26%) 

4/12 

8/12 

hnRNPA2 

12  (44%) 

8  (29%) 

7  (26%) 

6/12 

6/12 
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Figure  Legends 

Figure  1,  HnRNPAl  promotes  generation  of  AR  splice  variants.  qPCR  to  determine  the 
expression  levels  of  AR-V7  and  FL  AR  in  A)  22Rvl  and  B)  VCaP  cells  transfected  with 
hnRNPAl  or  hnRNPA2  siRNAs.  C)  Western  analysis  in  22Rvl  and  VCaP  cells  transfected  with 
hnRNPAl  or  hnRNPA2  siRNAs.  D)  Western  blotting  for  AR-V7  in  LNCaP  cells  transfected 
with  hnRNPAl  cDNA.  E)  qPCR  analysis  in  LNCaP  cells  transfected  with  hnRNPAl  cDNA. 
Results  are  presented  as  means  ±  SD  of  3  experiments  performed  in  triplicate.  *  denotes  p<0.05. 
Figure  2,  Recruitment  of  hnRNPAl  and  hnRNPA2  to  splice  sites  in  AR  pre-mRNA  is  enhanced 
in  22Rvl-Enza-R  and  C4-2B-Enza-R  enzalutamide-resistant  PCa  cells  compared  to  22Rvl  and 
C4-2B  parental  cells  respectively.  RIP  assays  for  splice  sites  of  A)  AR-V7,  B)  AR  in  22Rvl- 
Enza-R  compared  to  22Rvl  and  C)  AR-V7,  D)  AR  in  C4-2B-Enza-R  compared  to  C4-2B. 
Results  are  presented  as  means  ±  SD  of  2  experiments  performed  in  duplicate.  *  denotes  /?<0.05. 
Figure  3.  Expression  levels  of  hnRNPAl  and  AR-V7  are  positively  correlated  with  each  other. 
A)  Representative  immunoblot  for  hnRNPAl,  hnRNPA2  and  AR-V7  in  lysates  from  27  paired 
benign  and  tumor  patient  samples.  qRT-PCR  of  mRNA  levels  of  (B)  hnRNPAl  and  (C)  AR-V7 
in  10  paired  normal  and  tumor  clinical  prostate  samples.  Results  are  presented  as  means  ±  SD  of 
2  experiments  performed  in  triplicate.  *  denotes  /?<0.05.  Relative  expression  levels  of  hnRNPAl 
(D)  and  hnRNPA2  (E)  in  the  representative  Singh_prostate  (n  102)  dataset  from  Oncomine. 
Relative  expression  levels  of  hnRNPAl  in  GDS1439  dataset  (F)  and  in  GDS2545  dataset  (G) 
from  GEO. 

Figure  4,  Reciprocal  regulation  between  c-Myc  and  hnRNPAl  is  responsible  for  the  generation 
of  AR  splice  variants.  A)  Immunoblotting  for  hnRNPAl  and  AR-V7  in  22Rvl  and  VCaP  cells 
transfected  with  c-Myc  shRNA.  B)  Immunoblotting  for  c-Myc  in  LNCaP,  22Rvl  and  VCaP  cells 
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transfected  with  hnRNPAl  or  hnRNPA2  siRNAs.  qRT-PCR  for  mRNA  levels  of  full  length  AR 
and  AR-V7  in  22Rvl  (C)  and  VCaP  (D)  cells  transfected  with  c-Myc  shRNA.  Insets  show  the 
expression  of  c-Myc  mRNA  in  cells  transfected  with  c-Myc  shRNA.  (E)  Protein  and  (F)  mRNA 
levels  of  AR-V7,  FL  AR,  c-Myc  and  hnRNPAl  in  22Rvl  cells  transfected  with  c-Myc  shRNA 
with  or  without  overexpression  of  hnRNPAl .  Results  are  presented  as  means  ±  SD  of  2 
experiments  performed  in  triplicate.  *  denotes  p<0.05. 

Figure  5.  NF-kappaB2/p52  regulates  expression  of  c-Myc  and  hnRNPAl .  A)  Le/t  panel, 
Immunoblotting  for  hnRNPAl,  c-Myc  and  AR-V7  in  LN-p52  cells.  Right  panel,  Immunoblotting 
for  hnRNPAl,  c-Myc  and  AR-V7  in  LN/TR/p52  cells.  B)  Left  panel.  Western  blotting  for  AR- 
V7  in  LN-p52  cells  transfected  with  hnRNPAl  siRNA.  Middle  panel,  Immunoblotting  for  AR- 
V7  and  hnRNPAl  in  LN-p52  cells  transfected  with  c-Myc  shRNA.  Right  panel,  Immunoblotting 
for  AR-V7,  hnRNPAl  and  c-Myc  in  22Rvl  cells  transfected  with  p52  shRNA.  C)  Left  panel, 
22Rvl  cells  resistant  to  enzalutamide  (22Rvl-Enza-R)  express  higher  levels  of  AR-V7, 
hnRNPAl,  c-Myc  and  NF-kappaB2/p52.  Middle  panel,  C4-2B  cells  resistant  to  enzalutamide 
(C4-2B-Enza-R)  express  higher  levels  of  hnRNPAl,  AR-V7,  c-Myc  and  NP-kappaB2/p52.  Right 
panel.  Xenografts  from  C4-2B-Enza-R  cells  exhibit  higher  levels  of  AR-V7,  hnRNPAl  and  c- 
Myc.  D)  Left  panel.  Western  analysis  of  AR-V7  in  22Rvl-Enza-R  cells  transfected  with 
hnRNPAl  siRNA.  Right  panel.  Expression  of  AR-V7  and  hnRNPAl  in  22Rvl-Enza-R  cells 
transfected  with  c-Myc  shRNA.  All  results  are  shown  as  representative  images  from  2 
experiments  performed  in  duplicate.  E)  Left  panel.  Chart  depicting  the  positive  correlation 
between  mRNA  levels  of  NF-kappaB2/p52,  c-Myc,  hnRNPAl  and  AR-V7  in  10  paired  benign 
and  tumor  prostate  clinical  samples.  Right  panel.  Chart  depicting  the  correlation  between  relative 
protein  levels  of  NF-kappaB2/p52,  c-Myc,  hnRNPAl  and  AR-V7  in  27  paired  benign  and  tumor 
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prostate  clinical  samples.  Band  intensities  in  immunoblots  were  quantified  using  ImageJ 
software  and  plotted  as  arbitrary  units.  The  horizontal  lines  represent  the  median  of  each  series. 
Figure  6,  Suppression  of  hnRNPAI  restores  enzalutamide  sensitivity  of  enzalutamide-resistant 
PCa  cells.  A)  Left  panel.  Cell  survival  in  22Rvl-Enza-R  cells  transfected  with  hnRNPAI  or 
hnRNPA2  siRNAs  and  treated  with  vehicle  or  20  |iM  enzalutamide.  Cell  numbers  were  counted 
after  48  h.  Right  panel,  immunoblots  confirm  the  downregulation  of  hnRNPAI  or  hnRNPA2  and 
of  AR-V7.  B)  Left  panel.  Cell  survival  in  LN-p52  cells  transfected  with  hnRNPAI  or  hnRNPA2 
siRNAs  and  treated  with  vehicle  or  20  |iM  enzalutamide.  Cell  numbers  were  counted  after  48  h. 
Right  panel,  immunoblots  confirm  the  downregulation  of  hnRNPAI  or  hnRNPA2  and  AR-V7. 
C)  Left  panel.  Cell  survival  in  VCaP  cells  transfected  with  hnRNPAI  or  hnRNPA2  siRNAs  and 
treated  with  vehicle  or  20  |iM  enzalutamide.  Cell  numbers  were  counted  after  48  h.  Right  panel, 
immunoblots  confirm  the  downregulation  of  hnRNPAI  or  hnRNPA2  and  of  AR-V7.  Results  are 
presented  as  means  ±  SD  of  3  experiments  performed  in  triplicate.  *  denotes  /><0.05.  D) 
Schematic  representation  of  the  alternative  splicing  of  AR  mRNA  regulated  by  the  NF- 
kappaB2:c-Myc:hnRNPAl  axis. 
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Abstract 


The  intrcxiuction  of  enzalutamide  and  abiraterone  has  led  to 
improvement  in  the  treatment  of  metastatic  castration  resistant 
prostate  cancer.  However,  acquired  resistance  to  enzalutamide  and 
abiraterone  therapies  frequently  develops  within  a  short  period  in 
many  patients.  In  the  present  study,  we  developed  enzalutamide 
resistant  prostate  cancer  cells  in  an  effort  to  understand  the 
mechanisms  of  resistance.  Global  gene  expression  analysis  showed 
that  the  steroid  biosynthesis  pathway  is  activated  in  enzalutamide 
resistant  prostate  catKer  cells.  One  of  the  crucial  steroidogenic 
enzymes,  AKR1C3,  was  significantly  elevated  in  enzalutamide 
resistant  cells.  In  addition,  AKR1C3  is  highly  expressed  in  meta 
static  and  recurrent  prostate  cancer  and  in  enzalutamide  resistant 
prostate  xenograft  tumors.  LC/MS  analysis  of  the  steroid  metabo 
Ihes  revealed  that  androgen  precursors  such  as  cholesterol,  DHEA 


and  progesterone,  as  well  as  androgens  are  highly  upregulated  in 
enzalutamide  resistant  prostate  cancer  cells  compared  to  the 
parental  cells.  Knockdown  of  AKR1C3  expression  by  shRNA  or 
inhibition  of  AKRl  C3  enzymatic  activity  by  indomethacin  resen 
sitized  enzalutamide  resistant  prostate  cancer  cells  to  enzaluta 
mide  treatment  both  in  vitro  and  in  riw.  In  contrast  overexpression 
of  AKR1C3  confers  resistance  to  enzalutamide.  Furthermore,  the 
combination  of  indomethacin  and  enzalutamide  resulted  in  sig 
nificant  inhibition  of  enzalutamide  resistant  tumor  growth.  'I'hese 
results  suggest  that  AKR1C3  activation  is  a  critical  resistance 
mechanism  associated  with  enzalutamide  resistance;  targeting 
intracrine  androgens  and  AKR1C3  will  overcome  enzalutamide 
resistance  and  improve  survival  of  advanced  prostate  cancer 
patients.  Cancer  Res;  75(7);  1413  22.  ©2015  AACR. 


Introduction 

Targeting  androgen  signaling  via  androgen  deprivation  therapy 
has  been  the  mainstay  of  clinical  interventions  in  prostate  cancer. 
Although  initially  effertive,  the  majority  of  men  experience  only 
transient  benefit  and  relapse  with  castration  resistant  prostate 
cancer  (CRPC),  which  is  currently  incurable.  Enzalutamide,  a 
second  getteration  antiandrogen,  was  recently  approved  for  the 
treatment  of  CRPC  in  patients.  Despite  these  advances  that 
provide  temporary  respite,  resistatKe  to  enzalutamide  occurs 
frequently,  and  the  mechanisms  that  contribute  to  resistance  are 
still  rudimentary  and  ate  under  intense  investigation.  Several 
potential  mechanisms  of  resistance  have  been  revealed  such  as 
androgen  receptor  (AR)  variants  expression  (1  3),IL6  Stat3  AR 
axis  activation  (4),  AR  F876L  mutation  (5,  6),  and  glucocorticoid 
receptor  (GR)  overexpression  (7,  8). 
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Intratumoral  androgen  biosynthesis  has  been  well  character 
ized  as  a  mechanism  of  CRPC  (9  1 2),  but  its  role  in  enzalutamide 
resistance  is  yet  to  be  understood.  Clinical  reports  have  shown  that 
patients  treated  with  enzalutamide  have  elevated  testosterone 
levels  in  the  bone  marrow  (13,  14).  A  cascade  of  enzymes  is 
involved  in  the  biosynthesis  of  intratumoral  androgens,  including 
CYP17A1,  HSD3B  and  AKR1C3.  A  gain  of  function  mutation  in 
HSD3B1  (N367T)  has  been  identified  in  CRPC  patients  recently, 
and  was  postulated  to  confer  resistance  to  enzalutamide  (15,16). 
Aldo  keto  reductase  family  1  member  C3  (AKR1C3)  is  a  multi 
functional  enzyme  and  is  one  of  the  most  important  genes 
involved  in  androgen  synthesis  and  metabolism.  AKR1C3  facil 
itates  the  conversion  of  weak  androgens  androstenedione  (A' 
dione)  and  5  a  androstanedione  (5a  dione)  to  the  more  active 
androgens  testosterone  and  DHT,  respectively  (17,  18).  It  cata 
lyzes  conversion  of  steroids  and  modulates  transactivatkm 
of  steroid  receptors.  Elevated  expression  of  AKR1C3  has  been 
associated  with  prostate  cancer  progression  and  aggressiveness 
(19,  20).  The  role  of  AKR1C3  in  enzalutamide  resistant  prostate 
cancer  is  unknown. 

In  the  present  study,  we  developted  prostate  catKer  cell  lines 
resistant  to  enzalutamide  and  found  that  intraaine  androgen 
synthesis  is  activated  in  enzalutamide  resistant  prostate  cancer 
cells.  Activation  of  one  of  the  important  steroidogenic  enzymes, 
AKR1C3,  was  identified  as  a  critical  mechanism  that  confers 
resistance  to  enzalutamide.  Inhibition  of  AKR1C3  activity  using 
either  shRNA  or  indomethacin  resensitized  enzalutamide  resis 
tant  prostate  cancer  cells  to  enzalutamide.  Furthermore,  the 
combination  of  indomethacin  and  enzalutamide  resulted  in 
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significant  inhibition  of  enzalutamide  resistant  prostate  cancer 
xenograft  tumor  growth. 

Materials  and  Methods 

Reagents  and  cell  culture 

LNCaP,  CWR22Rvl,  VCaP,  and  HEK293T  cells  were  obtained 
from  the  ATCC.  All  experiments  with  cell  lines  were  performed 
within  6  months  of  receipt  from  the  ATCC  or  resuscitation 
after  cryopreservation.  The  ATCC  uses  short  tandem  repeat  pro 
filing  for  testing  and  authentication  of  cell  lines.  C4  2B  cells  were 
kindly  provided  and  authenticated  by  Dr.  Leland  Chung,  Cedars 
Sinai  Medical  Center  (Los  Angeles,  CA).  LN  95  cells  were  kindly 
provided  and  authenticated  by  Dr.  loel  Nelson,  University  of 
Pittsburgh,  Pittsburgh,  PA.  The  cells  were  maintained  in  RPMl 
1640  supplemented  with  10%  FBS,  100  U/mL  penicillin,  and  0.1 
mg/mL  streptomycin.  LNCaP  neo  and  LNCaP  AKR1C3  cells  were 
generated  by  stable  transfection  of  LNCaP  cells  with  either  empty 
vector  pcDNA3.1  orpcDNA3.1  encoding  AKR1C3  and  were  main 
tained  in  RPMl  1640  medium  containing  300  pg/mL  G418. 
AKR1C3  shRNA  (TRCN0000026561  and  TRCN0000025694) 
were  purchased  from  Sigma.  Cells  resistant  to  enzalutamide  were 
referred  to  as  C4  2B  MDVR  (C4  2B  enzalutamide  resistant)  as 
described  previously  (2).  All  cells  were  maintained  at  37°C  in  a 
humidified  incubator  with  5%  carbon  dioxide. 

Sample  preparation  and  analysis  of  steroids 

The  steroid  extraction  and  analysis  has  been  described  previ 
ously  (21).  Briefly,  50  million  C4  2B  parental  and  C4  2B  MDVR 
cells  were  cultured  in  semm  and  phenol  red  free  RPMl  1640 
medium  for  5  days,  then  cells  were  suspended  in  4  mL  of  a  1:1 
water:methanol  mixture.  The  suspension  was  homogenized,  and 
the  resulting  homogenate  was  cooled  on  ice.  The  precipitated 
material  was  removed  by  centrifuging  at  high  speed  for  5  minutes, 
and  the  supernatant  was  removed  and  evaporated  in  a  SpeedVac 
(Labconco  Inc.)  followed  by  lyophilizer  (Labconco  Inc.).  The 
residue  was  suspended  in  150  pL  of  CH30H/H20  (1:1),  filtered 
through  a  0.2  pm  ultracentrifuge  filter  (Millipore  inc.)  and  sub 
jected  to  UPLC/MS  MS  analysis.  Samples  were  run  in  duplicate 
during  UPLC/MS  MS  analysis.  Samples  were  placed  in  an  Acquity 
sample  manager,  which  was  cooled  to  8°C  to  preserve  the  ana 
lytes.  Pure  standards  were  used  to  optimize  the  UPLC/MS  MS 
conditions  before  sample  analysis.  Also,  the  standard  mixture  was 
run  before  the  first  sample  to  prevent  errors  due  to  matrix  effect 
and  day  to  day  instrument  variations.  In  addition,  immediately 
after  the  initial  standard  and  before  the  first  sample,  two  spiked 
samples  were  run  to  calibrate  for  the  drift  in  the  retention  time  of 
all  analytes  due  to  the  matrix  effect.  After  standard  and  spiked 
sample  mns,  blank  was  injected  to  wash  the  injector  and  remove 
carry  over  effect. 

UPLC/MS  MS  analysis  of  steroid  metabolites 

All  experiments  were  performed  on  a  Waters  Xevo  TQ  triple 
quadruple  mass  spectrometer  (Milford)  and  MS  and  MS  MS 
spectra  were  recorded  using  Electro  Spray  Ionization  (ESI)  in 
positive  ion  (PI)  and  negative  ion  (NI)  mode,  capillary  voltage 
of  3.0  kV,  extractor  cone  voltage  of  3  V,  and  detector  voltage  of  650 
V.  Cone  gas  flow  was  set  at  50  L/h  and  desolvation  gas  flow  was 
maintained  at  600  L/h.  Source  temperature  and  desolvation 
temperatures  were  set  at  150°C  and  350°C,  respectively.  The 
collision  energy  was  varied  to  optimize  daughter  ions.  The  acqui 


sition  range  was  20  to  500  Da.  Analytic  separations  were  con 
ducted  on  the  UPLC  system  using  an  Acquity  UPLC  HSS  T3  1 .8  pm 
1  X  150  mm  analytic  column  kept  at  50°C  and  at  a  flow  rate  of 
0. 1 5  mL/min.  The  gradient  started  with  1 00%  A  (0 . 1  %  formic  acid 
in  H20)  and  0%  B  (0.1%  formic  acid  in  CH3CN),  after  2  minutes, 
changed  to  80%  A  over  2  minutes,  then  45%  A  over  5  minutes, 
followed  by  20%  A  in  2  minutes.  Finally,  it  was  changed  over  1 
minute  to  original  100%  A,  resulting  in  a  total  separation  time  of 
1 5  minutes.  The  elutions  from  the  UPLC  column  were  introduced 
to  the  mass  spectrometer  and  resulting  data  were  analyzed  and 
processed  using  MassLynx  4.1  software. 

cDNA  microarray  analysis 

The  microarray  analysis  has  been  described  previously  (22). 
Briefly,  24  hours  after  plating  of  5  x  10^  C4  2B  parental  and  C4  2B 
MDVR  cells,  total  RNA  was  isolated  using  TRIzol  Reagent  (Invi 
trogen)  and  purified  with  Eppendorf  phase  lock  gel  tube.  RNA 
quality  of  all  samples  was  tested  by  RNA  electrophoresis  to  ensure 
RNA  integrity.  Samples  were  analyzed  by  the  Genomics  Shared 
Resource  (UC  Davis  Medical  Center,  Sacramento,  CA)  using  the 
Affymetrrx  Human  Gene  1.0  ST  array.  The  data  were  analyzed  by 
Subio  platform  and  Gene  Set  Enrichment  Analysis  (23).  Micro 
array  data  have  been  deposited  in  GEO  with  the  accession  number 
GSE64143. 

Western  blot  analysis 

Cellular  protein  extracts  were  resolved  on  SDSPAGE  and  pro 
teins  were  transferred  to  nitrocellulose  membranes.  After  blocking 
for  1  hour  at  room  temperature  in  5%  milk  in  PBS/0. 1%  Tween 
20,  membranes  were  incubated  overnight  at  4°C  with  the  indi 
cated  primary  antibodies  |AKR1C3  (A6229,  Sigma);  CYP17A1 
(SC  66849,  Santa  Cruz  Biotechnology);  HSD3B  (SC  28206, 
Santa  Cruz  Biotechnology);  AR  (SC  815,  Santa  Cruz  Biotechnol 
ogy);  Tubulin  (T5168,  Sigma  Aldrich)].  Tubulin  was  used  as 
loading  control.  Following  secondary  antibody  incubation, 
immunoreactive  proteins  were  visualized  with  an  enhanced 
chemiluminescence  detection  system  (Millipore). 

Cell  growth  assay 

C4  2B  MDVR,  CWR22Rvl  cells  were  seeded  on  12  well  plates 
at  a  density  of  0.5  x  10^  cells  per  well  in  RPMl  1640  media 
containing  10%  FBS  and  transiently  transfected  with  AKR1C3 
shRNA  or  control  shRNA  following  treatment  with  20  |tmol/L 
enzalutamide.  Total  cell  numbers  were  counted  after  3  or  5  days. 
LNCaP  neo,  LNCaP  AKR1C3,  or  LN  95  cells  were  treated  with 
different  concentrations  of  enzalutamide  for  48  hours.  Total  cell 
numbers  were  counted  or  the  cell  survival  rate  (%)  was  calculated. 
Cell  survival  rate  (%)  (treatment  group  cell  number/control 
group  cell  number)  x  100%. 

Clonogenic  assay 

C4  2  parental  or  C4  2B  MDVR  cells  were  treated  with  DMSO, 
10  pmol/L  or  20  |tmol/L  enzalutamide  in  media  containing  10% 
FBS.  CWR22Rvl  cells  or  C4  2B  MDVR  cells  were  treated  with  10  or 
20  pmol/L  indomethacin  with  or  without  20  pmol/L  enzaluta 
mide,  cells  were  plated  at  equal  density  (1500  cells/dish)  in  100 
mm  dishes  for  14  days,  the  medium  was  changed  every  3  days; 
LNCaP  neo  or  LNCaP  AKR1C3  cells  were  treated  with  DMSO  or 
10  |imol/L  enzalutamide  in  media  containing  10%  complete  FBS, 
cells  were  plated  at  equal  density  (10,000  cells/dish)  in  100  mm 
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dishes  for  28  days,  the  colonies  were  rinsed  with  PBS  before 
staining  with  0.5%  crystal  violet/4%  formaldehyde  for  30  min 
utes,  and  the  numbers  of  colonies  were  counted. 

Real  time  quantitative  RT  PCR 

Total  RNAs  were  extracted  using  TRIzol  reagent  (Invitrogen). 
cDNAs  were  prepared  after  digestion  with  RNase  free  RQl 
DNase  (Promega).  The  cDNAs  were  subjected  to  real  time  RT 
PCR  using  Sso  Fast  Eva  Green  Supermix  (Bio  Rad)  according  to 
the  manufacturer's  instructions  and  as  described  previously  (24). 
Each  reaction  was  normalized  by  coamplification  of  actin.  Tripli 
cates  of  samples  were  run  on  default  settings  of  Bio  Rad  CFX  96 
real  time  cycler.  Primers  used  for  Real  time  PCR  are:  AKR1C3,  5' 
gagaagtaaagctttggaggtcaca  3'  (forward)  and  5'  caacctgctcctcat 
tattgtataaatga  3'  (reverse);  AKRlCl/2,  S'  ggtcacttcatgcctgtcct  3' 
(forward)  and  5'  actctggtcgatgggaattg  3'  (reverse);  1TSD3B1,  5' 
agaatctagaccactcttctgtccagcttt  3'  (forward)  and  S'  ctttgaattcaac 
tatgtgaaggaatggaa  3'  (reverse);  HSD3B2,  S'  cgggcccaactcctacaag 
3'  (forward)  and  S'  ttttccagaggctcttcttcgt  3'  (reverse);  CYP17A1, 
S'  gggcggcctcaaatgg  3'  (forward)  and  S'  cagcgaaggcgaaggcga 
taccctta  3'  (reverse);  E1SD17B3,  5' tgggacagtgggcagtga  3'  (for 
ward)  and  S'  cgagtacgctttcccaattcc  3'  (reverse);  SRD5A1,  S'  acggg 
catcggtgcttaat  3'  (forward)  and  S'  ccaacagtggcataggctttc  3' 
(reverse);  and  Actin,  S'  agaactggcccttcttggagg  3'  (forward)  and 
S'  gtttttatgttcctctatggg  3'  (reverse). 

Measurement  of  PSA 

PSA  levels  were  measured  in  sera  from  C4  2B  parental  or  C4  2B 
MDVR  tumor  bearing  mice  using  the  PSA  ELISA  Kit  (KA0208, 
Abnova,  Inc.)  according  to  the  manufacturer's  instmctions. 

In  vivo  tumorigenesis  assay 

C4  2B  parental  or  C4  2B  MDVR  cells  (4  million)  were  mixed 
with  Matrigel  (1:1)  and  injected  into  the  prostates  of  6  to  7  week 
old  male  SCID  mice.  When  the  semm  PSA  level  reached  5  ng/mL, 
mice  were  randomized  into  two  groups  (4  mice  in  each  group) 
and  treated  as  follows:  (i)  vehicle  control  (0.5%  weight/volume 
(w/v)  Methocel  A4M  orally),  (ii)  enzalutamide  (25  mg/kg,  oral 
ly).  Tumors  were  monitored  by  PSA  level.  All  tumor  tissues  were 
harvested  after  3  weeks  of  treatment. 

CWR22Rvl  cells  (4  million)  were  mixed  with  Matrigel  (1:1)  and 
injected  s.c.  into  the  flanks  of  6  to  7  week  old  male  SCID  mice. 
Tumor  bearing  mice  (tumor  volume  around  50  100  mm^)  were 
randomized  into  four  groups  (5  mice  in  each  group)  and  treated  as 
follows:  (i)  vehicle  control  (5%  Tween  80  and  5%  ethanol  in 
PBS,  i.p.),  (ii)  enzalutamide  (25  mg/kg,  orally),  (hi)  indomethacin 
(3  mg/kg,  i.p.),  and  (iv)  enzalutamide  (25  mg/kg,  orally)  + 
indomethacin  (3  mg/kg,  i.p.).  Tumors  were  measured  using  calipers 
twice  a  week  and  tumor  volumes  were  calculated  using  length  x 
width2/2.  Tumor  tissues  were  harvested  after  3  weeks  of  treatment. 

Immunohistochemistry 

Tumors  were  fixed  by  formalin  and  paraffin  embedded  tissue 
blocks  were  dewaxed,  rehydrated,  and  blocked  for  endogenous 
peroxidase  activity.  Antigen  retrieving  was  performed  in  sodium 
citrate  buffer  (0.01  mol/L,  pH  6.0)  in  a  microwave  oven  at  1,000 
W  for  3  minutes  and  then  at  100  W  for  20  minutes.  Nonspecific 
antibody  binding  was  blocked  by  incubating  with  1 0%  PBS  in  PBS 
for  30  minutes  at  room  temperature.  Slides  were  then  incubated 
with  anti  Ki  67  (at  1:500;  NeoMarker),  anti  AKR1C3  (at  1:100; 
Sigma)  at  4°C  overnight.  Slides  were  then  washed  and  incubated 


with  biotin  conjugated  secondary  antibodies  for  30  minutes, 
followed  by  incubation  with  avidin  DH  biotinylated  horseradish 
peroxidase  complex  for  30  minutes  (Vectastain  ABC  Elite  Kit; 
Vector  Laboratories).  The  sections  were  developed  with  the  Dia 
minobenzidine  Substrate  Kit  (Vector  Laboratories)  and  counter 
stained  with  hematoxylin.  Nuclear  staining  cells  was  scored  and 
counted  in  five  different  vision  areas.  Images  were  taken  with  an 
Olympus  BX51  microscope  equipped  with  DP72  camera. 

Statistical  analysis 

All  data  are  presented  as  means  ±  SD  of  the  mean.  Statistical 
analyses  were  performed  with  Microsoft  Excel  analysis  tools. 
Differences  between  individual  groups  were  analyzed  by  one 
way  ANOVA  followed  by  the  Scheffe  procedure  for  comparison 
of  means.  A  P  value  of  <0.05  was  considered  statistically 
significant. 

Results 

Identification  of  AKR1C3  activation  in  enzalutamide  resistant 
prostate  cancer  cells 

In  our  previous  study,  we  generated  enzalutamide  resistant 
prostate  cancer  cells,  named  C4  2B  MDVR,  by  chronic  culture  of 
C4  2B  cells  in  media  containing  enzalutamide  (2).  As  shown 
in  Fig.  lA  and  B,  enzalutamide  significantly  inhibited  prolifera 
tion  and  clonogenic  ability  of  C4  2B  parental  cells,  but  had  little 
effect  on  C4  2B  MDVR  cells.  We  also  examined  the  effects  of 
enzalutamide  treatment  on  C4  2B  MDVR  cells  in  vivo.  As  shown 
in  Fig.  1C,  C4  2B  MDVR  xenografts  were  resistant  to  enzaluta 
mide.  Tumor  weights  of  C4  2B  xenograft  were  significantly  inhib 
ited  by  enzalutamide  after  3  weeks  treatment  with  enzalutamide, 
whereas  tumor  weights  of  treated  C4  2B  MDVR  group  were 
comparable  with  those  of  the  nontreated  control  group.  These 
results  suggest  that  C4  2B  MDVR  cells  are  resistant  to  enzaluta 
mide  both  in  vitro  and  in  vivo.  We  also  characterized  several  other 
prostate  cancer  cell  lines  in  response  to  enzalutamide  treatment. 
As  shown  in  Fig.  ID,  LNCaP  cells  are  sensitive  to  enzalutamide, 
whereas  CWR22Rvl  and  LN  95  cells  are  resistant  to  enzalutamide 
treatment,  consistent  with  previously  published  studies  (25  27). 

Intratumoral  androgen  biosynthesis  has  been  well  character 
ized  as  a  mechanism  of  CRPC  (9  12,  28),  but  its  role  in  enza 
lutamide  resistance  remains  unknown.  To  further  understand 
potential  mechanisms  that  underlie  enzalutamide  resistance,  we 
performed  microarray  analysis  of  the  enzalutamide  resistant  C4 
2B  MDVR  versus  C4  2B  parental  cells.  Expression  of  transcripts 
encoding  for  steroid  hormone  biosynthesis  was  analyzed  by  gene 
set  enrichment.  Among  45  genes  involved  in  hormone  biosyn 
thesis,  31  genes  were  upregulated  whereas  14  genes  were  down 
regulated  in  C4  2B  MDVR  cells.  As  shown  in  Fig.  2A,  we  found 
increased  expression  of  AKR1C3,  AKRICI,  AKR1C2,  HSD3B1, 
CYP17A1,  and  SRD5A3,  and  decreased  expression  of  UGT2B15, 
UGT2B17,  CYP39A1,  HSD17B6,  and  SRD5A1  in  C4  2B  MDVR 
cells  compared  with  C4  2B  parental  cells.  To  verify  the  gene 
expression  data,  GYP17A1,  HSD3B1,  HSD3B2,  HSD17B3, 
SRD5A1,  AKRlGl/2,  and  AKR1C3  mRNA  levels  were  measured 
using  specific  primers  by  qRT  PGR.  As  shown  in  Fig.  2B  left,  the 
levels  of  mRNA  expression  were  consistent  with  the  microarray 
data.  We  also  confirmed  the  results  by  Western  blot  analysis,  as 
shown  in  Fig.  2B  right,  C4  2B  MDVR  cells  express  significantly 
higher  levels  of  AKR1G3,  HSD3B,  and  GYP17A1  proteins  com 
pared  with  C4  2B  parental  cells.  These  results  suggested  that 
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Figure  1. 

C4  2B  MDVR  cells  are  resistant  to 
enzalutamide  In  vitro  and  in  vivo.  A.  C4 
2B  parental  and  C4  2B  MDVR  cells  were 
treated  with  different  concentrations  of 
enzalutamide  for  48  hours,  total  cell 
numbers  were  counted,  and  cell  survival 
rate  was  calculated.  B,  the  clonogenic 
ability  of  C4  26  parental  and  C4  2B 
MDVRcellstreatedwlthl0pmol/Lor20 
pmol/L  enzalutamide  was  analyzed. 
Enzalutamide  significantly  inhibited 
clonogenic  ability  of  C4  2B  parental 
cells.  C,  C4  2B  parental  and  C4  2B 
MDVRcells  were  Injected  orthotopically 
into  the  prostates  of  SCID  mice  and 
treated  with  25  mgAg  enzalutamide  or 
vehicle  control.  Tumors  were  harvested 
and  weighed  at  3  weeks.  D,  LNCaP,  LN 
95,  and  CWR22Rvl  cells  were  treated 
with  different  concentrations  of 
enzalutamide  for  2  days,  total  cell 
numbers  were  counted,  and  cell  survival 
rate  (%)  was  calculated;  *,  P  <  0.05. 


acquired  androgen  synthesis  signaling  was  upregulated  in  enza 
lutamide  resistant  prostate  cancer  cells. 

AKR1C3  is  highly  expressed  in  metastatic  and  recurrent 
prostate  cancer  and  enzalutamide  resistant  prostate  xenograft 
tumors 

We  found  thatAKRlC3  was  upregulated  by  more  than  16  fold 
in  enzalutamide  resistant  C4  2B  MDVR  cells  compared  with  the 
C4  2B  parental  cells.  We  examined  AKR1C3  expression  in  differ 
ent  prostate  cancer  cell  lines,  including  VCaP,  CWR22Rv  1 ,  LNCaP, 


LN  95,  C4  2B,andC4  2B  MDVRcells.  C4  2BMDVR,CWR22Rvl, 
and  LN  95  cells  are  resistant  to  enzalutamide,  whereas  C4  2B  and 
LNCaP  cells  are  sensitive  to  enzalutamide.  As  shown  in  Fig.  3A, 
C4  2B  MDVR,  VCaP,  CWR22Rvl,  and  LN  95  cells,  all  express 
significantly  higher  levels  of  AKR1C3;  C4  2B  MDVR,  CWR22Rvl, 
and  LN  95  cells  express  higher  levels  of  I ISD3B;  C4  2B  MDVR  and 
LN  95  cells  also  expressed  higher  levels  of  CYP17A1.  We  also 
examined  AKR1C3  expression  in  tumor  xenografts  by  IHC,  as 
shown  in  Fig.  3B,  C4  2B  MDVR  and  CWR22Rvl  tumors  express 
higher  levels  of  AKRl  C3  compared  with  C4  2B  parental  tumors. 
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Figure  2. 

The  intraaine  androgen  synthesis  pathway  activated  In  enzalutamide  resistant  prostate  cancer  cells.  A  expresslonof  transcripts  encoding  genes  Involved  in  steroid 
hormone  biosynthesis  was  analyzed  by  gene  set  enrichment.  Genes  that  were  regulated  1.3  fold  between  C4  2B  parental  cells  and  C4  2B  MDVR  cells  were 
enriched  and  heatmap  was  generated  by  Subio  platform.  B,  C4  2B  parental  cells  and  C4  2B  MDVR  cells  were  cultured  in  RPMI  1640  media  containing  10% 

FBS  for  3  days,  total  RNAs  were  extracted,  and  CYP17A1,  HSD3B1,  HSD3B2,  HSD17B3,  SRD5AI,  AKR1CV2  or  AKR1C3  mRNA  levels  were  analyzed  by  qRT  PCR. 
AKR1C3,  HSD3B,  and  CYFT7A1  protein  levels  were  examined  by  Western  blot  analysis  (right). 
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Figure  3. 

AKR1C3  is  highly  expressed  In  metastatic  prostate  tumors  and  enzalutamide  resistant  xenografts.  A,  C4  2B  parental,  C4  2B  MDVR,  VCaP,  CWR22Rvl,  LNCaP,  and  LN  95 
cells  were  harvested  and  whole  lysates  were  subjected  to  Western  blotting.  B,  AKR1C3  expression  level  was  analyzed  by  IHC  staining  in  C4  2B  parental,  C4  2B 
MDVR,  and  CWR22Rvl  xenografts.  C,  gene  expression  analysis  using  the  Oncomlne  database  showing  the  relative  expression  levels  of  AKR1C3  In  two  datasets 
comparing  normal  prostate  tissue  and  prostate  cancer.  Vanaja,  normal,  n  =  8;  cancer,  n  =  32.  Singh,  normal,  n  =  50;  cancer,  n  =  52.  Data,  mean  ±  SE  of  normalized 
expression  units  according  to  Oncomine  output  (top).  AKR1C3  gene  expression  analysis  using  the  GEO  database  In  two  datasets  comparing  benign,  primary,  or 
metastatic  prostate  cancer.  GSE27616:  benign,  n  =  4;  primary  prostate  cancer,  n  =  5;  and  metastatic  prostate  cancer,  n  =  4;  GSE32269:  primary  prostate  cancer,  n  =  22; 
and  metastatic  prostate  cancer,  n  =  29.  Data  were  extracted  and  analyzed  by  Subio  platform  (bottom).  D,  gene  expression  analysis  using  the  Oncomine  database 
showed  that  AKR1C3  expression  was  correlated  with  prostate  cancer  progression  and  recurrence  in  two  independent  datasets  (Glinsky  and  Singh  prostate). 


We  performed  data  mining  using  the  Oncomine  and  GEO  data 
bases  to  compare  the  expression  of  AKR1C3  in  normal  prostate 
and  prostate  cancer.  Primary  prostate  cancer  and  normal  prostate 
express  similar  AKR1C3  levels  in  two  independent  prostate  data 
sets,  whereas  AKR1C3  was  significantly  elevated  in  metastatic 
prostate  cancer  in  GEO  datasets  (Fig.  3G),  which  is  consistent 
with  the  previous  reports  (29,  30).  We  further  examined  the 
correlation  between  AKRl  G3  and  prostate  cancer  disease  progres 
sion.  As  shown  in  Fig.  3D,  AKR1G3  was  significantly  correlated 
with  Gleason  score  and  recurrence  status  in  prostate  cancer 
patients  in  two  independent  prostate  datasets  in  Oncomine. 
Collectively,  these  results  demonstrate  that  AKR1C3  is  highly 
expressed  in  late  stage  prostate  cancer. 

Intracrine  androgens  are  elevated  in  enzalutamide  resistant 
prostate  cancer  cells 

AKR1C3  (also  named  17PHSD5)  is  one  of  the  most  important 
genes  involved  in  androgen  synthesis  and  metabolism.  AKR1C3 
facilitates  the  conversion  of  weak  androgens  A'  dione  and  5a 


dione  to  the  more  active  androgens,  testosterone,  and  DHT, 
respectively.  To  further  confirm  that  intracellular  androgen  syn 
thesis  was  acquired  by  C4  2B  MDVR  cells,  steroid  metabolism  in 
C4  2B  parental  and  C4  2B  MDVR  cells  was  analyzed  by  LC/MS. 
C4  2B  parental  and  C4  2B  MDVR  cells  were  cultured  in  serum  free 
and  phenol  red  free  medium  for  5  days,  and  steroid  metabolites 
were  extracted  from  50  x  10®  cells  and  subjected  to  LC/MS 
analysis.  As  shown  in  Fig.  4A  C,  C4  2B  MDVR  cells  synthesize 
extremely  high  levels  of  testosterone  (131.025  vs.  0.15  pg/50 
million  cells),  dihydrotestosterone  (17.55  vs.  0  pg/50  million 
cells),  and  DHEA  (72.075  vs.  0  pg/50  million  cells),  compared 
with  C4  2B  parental  cells.  Intriguingly,  the  active  estrogen  metab 
elite  estradiol  was  significantly  reduced  (82.725  vs.  207.3  pg/50 
million  cells)  in  C4  2B  MDVR  cells,  suggesting  that  the  biosyn 
thesis  of  androgens  was  activated  whereas  transformation  of 
estrogen  from  androgens  was  suppressed  in  C4  2B  MDVR  cells. 
Of  note,  the  precursors  involved  in  intracrine  androgen  synthesis 
such  as  cholesterol,  DHEA,  and  progesterone  are  also  elevated  in 
C4  2B  MDVR  cells  compared  with  C4  2B  parental  cells  (Fig.  4C). 
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Figure  4. 

Intracrlne  androgens  were  unregulated  in  enzalutamide  resistant  prostate  cancer  cells  A  C4  2B  parental  and  C4  2B  MDVR  cells  were  cultured  in  serum  free  and 
phenol  red  free  RPMI  1640  medium  for  5  days,  and  levels  of  steroids  in  the  cell  extracts  were  analyzed  by  LCVMS  Representafn/e  testosterone  and  estradiol 
chromatograms  generated  by  MassLynx4.1sottwareareshown.B,  the  difference  between  levels  of  androgen  metabolites  in  C4  2B  parental  and  C4  2B  MDVR  cells 
was  analyzed  and  quantiried.  C,  the  represented  steroid  metabolites  between  C4  2B  parental  and  C4  2BMDVR  cells  were  quantified.  D,  theandrqgen  metabolism 
pathway  was  upregulated  in  enzalutamide  resistant  prostate  cancer  cells. 


TTie  steroidogenic  enzymes  involved  in  androgen  synthesis  and 
metabolism  are  illustrated  in  Fig.  4D;  bold  arrows  and  bold  font 
indicate  upregulation  in  enzalutamide  resistant  prostate  cancer 
cells  compared  with  C4  2B  parental  cells  (Fig.  4D).  Q)llectively, 
these  results  suggest  that  intracrine  acquired  androgen  synthesis 
was  elevated  in  prostate  cancer  cdls  resistant  to  enzalutamide. 

AKK1C3  confers  resistance  to  enzalutamide  in  prostate  cancer 
cells 

Having  demonstrated  that  AKR1C3  is  upregulated  in  enzalu 
tamide  resistant  prostate  cancer  cells  and  in  late  stage  prostate 
cancer  patients,  we  next  examined  whether  AKR1C3  could  confer 
resistance  to  enzalutamide.  We  found  that  AKR1C3  was  sufficient 
to  confer  resistance  to  enzalutamide  in  prostate  cancer  cells. 
(TWR22Rvl  or  C4  2B  MDVR  cells  were  transiently  transfeaed 
with  control  shRNA  or  AKRl  C3  shRNA  followii^  treatment  with 
enzalutamide  for  3  days.  As  shown  in  Fig.  5A  and  B,  CWR22Rvl 
and  C4  2B  MDVR  cells  are  resistant  to  enzalutamide,  whereas 
knockdown  of  AKR1C3  expression  by  two  independent  shRNAs 
(#561  and  #694)  restored  their  sensitivity  to  enzalutamide.  The 
downregulation  of  AKR1C3  by  shRNA  was  confirmed  by  Western 


blot  analysis  (FTg.  5C).  We  also  generated  LNCaP  cells  stably 
expressing  AKR1C3  (LNCaP  AKRl  C3 )  to  test  whether  exogenous 
expression  of  AKRl  (Z3  induces  enzalutamide  resistance.  LNCaP 
AKRl  C3  and  LNCaP  neo  veaor  control  cells  were  treated  with 
different  concentrations  of  enzalutamide  for  48  hours  and  cell 
numbers  were  counted.  As  shown  in  Fig.  5D,  LNCaP  AKRl C3 
cells  exhibited  greater  resistance  to  enzalutamide  than  LNCaP  neo 
cells.  These  results  were  also  confinned  by  clonpgenic  ability 
assay.  LNCaP  AKR1C3  cells  showed  significantly  more  clono 
genic  ability  than  the  control  LNC^aP  neo  cells  in  response  to 
enzalutamide  treatment  ( Fig.  5  E  and  F).  Collectively,  these  results 
demonstrate  that  overexpression  of  AKRl  C3  confers  resistance  to 
enzalutamide,  whereas  downregulation  of  AKR1C3  resensitizes 
enzalutamide  resistant  prostate  cancer  cells  to  enzalutamide 
treatment 

Indomethacin,  an  inhibitor  of  AKR1C3  activity,  overcomes 
enzalutamide  resistance 

Indomethacia  an  NSAID  used  for  reducing  fever,  pain,  and 
inflammation,  has  been  shown  to  be  able  to  inhibit  AKR1C3 
activity  (9,  31,  32).  To  further  examine  the  role  of  AKR1C3  in 
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Figure  5. 

AKR1C3  confers  resistance  to  enzalutamide  in  prostate  cancer  celis.  A  CWR22Rv1  cells  were  transiently  transfected  withcontrolshRNAor  AKR1C3  shRNA  (#561  and 
#694)  following  treatment  with  20  pmol/L  enzalutamide,  and  cell  numbers  were  determined  after  3  days.  B,  C4  2B  MDVR  cells  were  transiently  transfected 
withcontrolshRNAor  AKRtC3shRN  A(#561  and  #694)  following  treatment  with  20  pmol/L  enzalutamide,  and  celi  numbers  weredetermined  on  day  3.C,CWR22Rvl 
or  C4  2B  MDVR  cells  were  transiently  transfected  with  control  shRNA  or  AKR1C3  shRNA  (#561  and  #694),  cells  were  collected  on  day  3  or  5,  and 
whole  cell  lysates  were  subjected  to  Western  blotting.  D.  LNCaP  neo  or  LNCaP  AKR1C3  cells  were  treated  with  different  concentrations  of  enzalutamide 
for  2days,  total  cell  numbers  were  counted,  and  cell  survival  rate  (%)  was  calculated.  E,  LNCaP  neo  or  LNCaP  AKR1C3  cells  were  treated  with  10  pmol/L  enzalutamide 
and  clonogenic  assay  was  performed;  the  colony  size  pictures  were  taken  under  a  microscope.  F.  colonies  were  counted  and  results  are  presented  as  means  ± 
SD  of  two  experiments  performed  in  duplicate;  •.  P<  0.05.  Enza,  enzalutamide. 


enzalutamide  resistance,  we  used  indomethacin  to  hinder 
AKRl  C3  activation  and  examined  the  effects  on  the  response  of 
prostate  cancer  cells  to  enzalutamide  treatment  in  vitrv  and  in  vino. 
As  shovyn  in  fig.  6A  left,  indomethacin  did  not  have  an  effea  on 
(3VR22Rvl  ceil  growth  at  10  pmol/L,  but  inhibited  cell  growth 
marginally  at  20  pmol/L  However,  combination  of  indometha 
cin  with  enzalutamide  significantly  inhibited  the  growrth  of  enza 
lutamide  resistant  CWR22Rvl  cells.  ’Ihe  results  were  also  con 
firmed  by  clonogenic  assay.  As  shown  in  Fig.  6A  right,  combina 
tion  of  indomethacin  with  enzalutamide  significantly  inhibited 
colony  numbers  and  reduced  colony  size  in  CWR22Rvl  cells. 
Similar  results  were  also  obtained  in  C4  2B  MDVR  cells  (Fig.  6B). 
To  test  whether  inhibition  of  AKR1C3  by  indomethacin  over 
comes  resistance  to  enzalutamide  treatment  in  vivo,  C\VR22Rvl 
xenograft  model  was  used.  As  shown  in  Fig.  6C,  although 
CWR22Rvl  tumors  were  resistant  to  enzalutamide  treatment, 
indomethacin  significantly  inhibited  mmor  growth.  Combina 
tion  of  indomethacin  with  enzalutamide  further  inhibited  tumor 
growth  ofCWR22Rvl  xenografts.  Immunohistochemical  staining 
of  Ki  67  showed  that  cell  proliferation  was  significantly  inhibited 
by  indomethacin,  and  further  inhibited  by  the  combination 
treatment  (F^.  6D).  (Collectively,  these  results  suggest  that  inhi 


bition  of  AKR1C3  by  indomethacin  reduced  enzalutamide  resis 
tant  tumor  growth,  and  that  combination  of  enzalutamide  vdth 
indomethacin  further  reduced  the  tumorgrowth  of  enzalutamide 
resistant  prostate  cancer.  These  results  indicate  that  inhibition  of 
AKR1C3  by  iixlomethadn  potentiates  the  cell  killing  effert  of 
enzalutamide. 

Discussion 

The  second  generation  androgen  antagonist  enzalutamide 
represents  an  improvement  in  therapy  options  for  late  stage 
metastatic  CRPC  (33,  34).  However,  the  initial  responders  devel 
op  resistance  inevitably.  The  potential  mechanisms  associated 
with  enzalutamide  resistance  have  been  the  focus  of  intense 
investigatioa  We  previously  identified  several  novel  mechanisms 
involved  in  enzalutamide  resistance,  including  activation  of  NF 
kB2/p52  (27,  35),  ARV7  (2,  27),  Stat3  (4),  and  induaion  of 
autophagy  (36).  In  this  study,  we  have  identified  A1CR1C3  acti 
vation  and  elevated  intracrine  androgens  as  potential  mechan 
isms  contributing  to  enzalutamide  resistance.  We  demonstrate 
that  AKRl  (C3  is  overexpressed  in  enzalutamide  resistant  prostate 
cancer  cells.  Overexpression  of  AKR1C3  confers  resistance  to 
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Figure  6. 

Indomethacia  an  inhibitor  of  AKROactivity,  overcomes  enzalutamide  resistance.  A.  CWR22Rvl  cells  were  treated  with  10  or  20  nmol/L  indomethacin  with  or 
without  20  )imol/L  enzalutamide  for  2  days,  total  cell  numbers  were  counted  (left),  and  clonogenic  assay  was  performed;  the  colony  size  pictures  were  taken 
under  a  microscope  (middle).  Colonies  were  counted  and  results  are  presented  as  means  ±  SD  of  two  experiments  performed  in  duplicate  (right). 

B,  C4  2B  MDVR  cells  were  treated  with  K)  or  20  pmol/L  indomethacin  with  or  without  20  pnnol/L  enzalutamide  for  2  days,  total  cell  numbers  were  counted  (left),  and 
clonogenic  assay  was  performed;  thecolony  size  pictures  were  taken  under  a  microscope  (middle).  Colonies  were  counted  and  resu Itsare  presented  as  me ans±SD 
of  two  experiments  performed  In  duplicate  (right).  C.  mice  bearing  CWR22Rv1  xenografts  were  treated  with  vehicle  control,  enzalutamide  (25  mg/kg  ryally), 
indomethacin  (3  mg/kg  Lp),  or  their  combination  for  3  weeks,  tumor  volumes  were  measured  twice  weekly,  and  the  tumors  were  collected  and  weighed. 

D.  IHC  staining  of  Ki  67  and  hematoxylin  and  eosin  (H&E)  staining  in  each  group  was  performed  and  quantified  as  described  in  Materials  and  Methods. 

•,P<  0.05.  Enza.  enzalutamide;  indocin,  indomethacia 


1420  CarKer  Res;  75(7)  April  1,  2015 


Cancer  Research 


Downloaded  from  cancerres.aacrjournals.org  on  July  1,  2015.  ©  2015  American  Association  for  Cancer  Research. 


Published  OnlineFirst  February  3,  2015;  DOI:  10.1158/0008-5472.CAN-14-3080 


AKR1C3  Confers  Resistance  to  Enzalutamide 


enzalutamide,  whereas  downregulation  of  AKR1C3  sensitizes 
prostate  cancer  cells  to  enzalutamide  treatment.  In  addition, 
overexpression  of  AKR1C3  has  been  demonstrated  in  clinical 
metastatic  prostate  cancer  and  correlated  with  disease  progres 
sion.  We  also  demonstrated  that  intracrine  steroids,  including 
androgens  are  elevated  in  enzalutamide  resistant  cells,  possibly 
through  increased  expression  of  steroidogenic  enzymes  such  as 
AKR1C3.  We  further  demonstrated  that  indomethacin,  a  potent 
inhibitor  of  AKR1C3,  could  be  used  to  overcome  enzalutamide 
resistance.  The  discovery  of  elevated  intracrine  androgen  synthesis 
and  enhanced  AKR1C3  activation  in  enzalutamide  resistant 
cells  reveal  a  novel  mechanism  for  the  development  and  progres 
sion  of  resistant  CRPC.  Cotargeting  AKR1C3  will  provide  proof 
of  concept  experiments  to  overcome  resistance  and  achieve  dura 
ble  responses  in  men  with  second  generation  antiandrogen 
treatment. 

Intracrine  androgen  biosynthesis  has  been  well  characterized  as 
a  mechanism  of  CRPC  (9  12,  28).  Many  enzymes  are  involved  in 
androgen  synthesis,  including  CYP17A1,  AKR1C3,  and  HSD3B. 
CYP17A1  can  be  inhibited  by  abiraterone  in  clinical  treatments 
(37,  38).  AKR1C3  is  a  steroidogenic  enzyme  involved  in  steroid 
biosynthesis  and  mediates  the  last  step  of  testosterone  biosyn 
thesis  from  A'  dione.  It  catalyzes  conversion  of  steroids  and 
modulates  transactivation  of  steroid  receptors.  Elevated  expres 
sion  of  AKR1C3  has  been  associated  with  prostate  cancer  pro 
gression  and  aggressiveness  (19,  20).  AKR1C3  has  also  been 
identified  as  an  AR  coactivator  (39).  In  this  study,  we  used  gene 
enrichment  analysis  to  compare  enzalutamide  resistant  cells  with 
enzalutamide  sensitive  cells,  and  found  that  the  steroid  biosyn 
thesis  genes  were  highly  enriched  in  C4  2B  MDVR  cells,  and 
several  important  genes  involved  in  androgen  synthesis,  such  as 
AKR1C3,  HSD3B,  and  CYP17A1  were  upregulated  in  enzaluta 
mide  resistant  cells.  In  another  de  novo  enzalutamide  resistant  cell 
line  CWR22Rvl,  AKR1C3  was  highly  expressed  compared  with 
C4  2B  or  LNCaP  cells,  suggesting  that  AKR1C3  might  play  a 
pivotal  role  in  enzalutamide  resistance.  To  further  confirm  that 
intracrine  androgen  synthesis  was  acquired  by  C4  2B  MDVR  cells, 
steroid  levels  in  C4  2B  parental  and  C4  2B  MDVR  cells  were 
determined  by  LC/MS.  In  addition  to  the  higher  levels  of  testos 
terone  and  DHT  in  enzalutamide  resistant  cells,  the  levels  of  the 
precursors  of  testosterone  such  as  cholesterol,  DHEA,  and  pro 
gesterone  were  all  elevated  in  C4  2B  MDVR  cells  compared  with 
C4  2B  parental  cells.  These  results  demonstrate  that  AKR1C3  was 
significantly  elevated  in  enzalutamide  resistant  prostate  cancer 
cells,  which  potentially  resulted  in  higher  levels  of  testosterone 
and  DHT  in  enzalutamide  resistant  cells.  The  de  novo  intratumoral 
steroid  synthesis  has  also  been  shown  as  a  potential  mechanism 
contributing  to  abiraterone  resistance  (9).  Long  term  treatment 
of  abiraterone  in  patients  resulted  in  an  increase  in  steroids 
biosynthesis  through  deregulated  steroid  enzymes,  such  as 
AKR1C3  (40). 

Several  inhibitors  have  been  developed  to  target  AKR1C3 
activation,  including  indomethacin  (32).  Indomethacin  is  an 
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Niclosamide  Inhibits  Androgen  Receptor  Variants 
Expression  and  Overcomes  Enzalutamide  Resistance 
in  Castration-Resistant  Prostate  Cancer 
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Abstract 

Puqjose:  Enzalutamide,  a  second  generation  antiandrogen,  was  recently  approved  for  the  treatment  of 
castration  resistant  prostate  cancer  (CRPC)  in  patients  who  no  longer  respond  to  docetaxel.  Despite  these 
advances  that  provide  temf)orary  respite,  resistance  to  enzalutamide  CKOirs  frequendy.  Androgen  receptor 
(AR)  splice  variants  such  as  AR  V7  have  recently  been  shown  to  drive  castration  resistant  growth  and 
resistance  to  enzalutamide.  This  study  was  designed  to  identify  inh  ibitors  of  AR  variants  and  test  its  abi  lity  to 
overcome  resistance  to  enzalutamide. 

Experimental  Design:  The  drug  screening  was  conducted  using  luciferase  activity  assay  to  determine  the 
activity  of  AR  V7  after  treatment  with  the  compounds  in  the  Prestwick  Chemical  Library,  which  contains 
about  1,120  FDA  approved  drugs.  The  effects  of  the  identified  inhibitors  on  AR  V7  activity  and  enzalu 
tamide  sensitivity  were  charaaerized  in  CRPC  and  enzalutamide  resistant  prostate  cancer  cells  in  vitro  and 
in  vivo. 

Results:  Nidosamide,  an  FDA  approved  antihelminthic  drug,  was  identified  as  a  potent  AR  V7 
inhibitor  in  prostate  cancer  cells.  Niclosamide  significantly  downregulated  AR  V7  protein  expression 
by  protein  degradation  through  a  proteasome  dependent  pathway.  Niclosamide  also  inhibited  AR  V7 
transcription  aaivity  and  reduced  the  recruitment  of  AR  V7  to  the  PSA  promoter.  Niclosamide  inhibited 
prostate  cancer  cell  growth  in  vitro  and  tumor  growth  in  vivo.  Furthermore,  the  combination  of 
niclosamide  and  enzalutamide  resulted  in  significant  inhibition  of  enzalutamide  resistant  tumor 
growth,  suggesting  that  niclosamide  enhances  enzalutamide  therapy  and  overcomes  enzalutamide 
resistance  in  CRPC  cells. 

Conclusions:  Niclosamide  was  identified  as  a  novel  inhibitor  of  AR  variants.  Our  findings  offer 
preclinical  validation  of  niclosamide  as  a  promising  inhibitor  of  AR  variants  to  treat,  either  alone  or  in 
combination  with  current  antiandrogen  therapies,  patients  with  advanced  prostate  cancer,  especially  those 
resistant  to  enzalutamide.  Clin  Cancer  Res;  20(12);  3198  210.  ©2014  AACR. 


Introduction 

Next  generation  anti  androgenssudi  asenzalutamide  and 
inhibitors  of  androgen  synthesis  such  as  abiraterone  have 
improved  the  standard  of  care  for  patients  with  late  stage 
prostate  cancer(l,  2).  Despite  their  successes  andcontmuing 
wide  spread  use,  development  of  resistance  is  inevitable  (3, 
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4).  Potential  resistance  mechanisms  are  emerging  that  per 
petuate  disease  progression  during  eflFective  AR  blockade. 
Alternative  mRNA  splicing  generates  truncated  and  consti 
tutively  active  AR  variants  that  support  the  castration  resis 
tant  prostate  cancer  (CRPC)  phenotypic  (5  8).  Thetruncated 
androgen  receptor  (AR)  variants  that  lack  the  ligand  binding 
domain  (LBD)  naturally  occur  in  both  prostate  cancer 
clinical  samples  and  cell  lines  (5,  6,  9,  10).  Several  groups 
showed  that  AR  variants  are  upregulated  in  CRPC  patient 
samples  compared  with  androgen  sensitive  patient  samples 
and  are  associated  with  prostate  cancer  progression  and 
resistance  to  AR  targeted  therapy  (3,  11  13).  AR  variants 
have  been  shown  to  induce  ligand  indepiendentaaivation  of 
androgen  respionsive  element  (ARE)  driven  repiorters  in  the 
absence  of  androgen,  which  indicates  that  those  variants 
may  have  a  distina  transcription  program  compared  with 
the  full  length  AR  (9,  14),  and  the  activity  of  AR  variants  is 
postulated  to  depiend  on  the  full  length  AR  (15). 
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Niclosamide  Overcomes  Resistance  to  Enzaiutamide 


Translational  Relevance 

Development  of  resistance  to  enzaiutamide  is  even 
tually  inevitable.  Recent  studies  have  linked  androgen 
receptor  (AR)  alternative  splicing,  particularly  AR  V7,  to 
the  development  of  enzaiutamide  resistance.  Targeting 
of  AR  signaling,  especially  AR  variants,  would  improve 
current  antiandrogen  therapies  for  advanced  prostate 
cancer.  In  this  study,  we  identified  niclosamide  as  a 
potent  AR  V7  inhibitor  in  prostate  cancer  cells.  We 
found  that  niclosamide  significantly  inhibits  AR  V7  pro 
tein  expression  and  ARV7  transcription  activity  and 
reduces  AR  V7  recruitment  to  the  PSA  promoter.  Niclo 
samide  inhibits  prostate  cancer  cell  growth  in  vitro  and 
tumor  growth  in  vivo.  Furthermore,  the  combination  of 
niclosamide  and  enzaiutamide  resulted  in  significant 
inhibition  of  enzaiutamide  resistant  tumor  growth,  sug 
gesting  that  niclosamide  enhances  enzaiutamide  therapy 
and  overcomes  enzaiutamide  resistance  in  castration 
resistant  prostate  cancer  cells.  These  findings  offer  pre 
clinical  validation  of  niclosamide  as  a  promising  inhib 
itor  of  AR  variants  to  treat,  either  alone  or  in  combina 
tion  with  current  antiandrogen  therapies,  patients  with 
advanced  prostate  cancer,  especially  those  resistant  to 
enzaiutamide. 


Among  the  identified  AR  variants,  AR  V7,  which  is 
encoded  by  contiguous  splicing  of  AR  exons  1/2/3/CE3, 
has  been  well  studied  mainly  because  of  its  prevalence  in 
prostate  cancer  samples  (7,  12,  16).  AR  V7  functions  as  a 
constitutively  active  ligand  independent  transcription  fac 
tor  that  can  induce  castration  resistant  cell  growth  in  vitro 
and  in  vivo  [7, 17).  Recent  studies  have  linked  AR  alternative 
splicing,  particularly  AR  V7,  to  the  development  of  enzalu 
tamide  resistance  (18  21).  Thus,  targeting  AR  V7  would  be 
a  valuable  strategy  to  treat  patients  with  CRPC. 

In  this  study,  we  screened  the  Prestwick  Chemical  Library 
and  identified  niclosamide,  an  FDA  approved  drug  effective 
against  human  tapeworms,  as  a  potent  AR  V7  inhibitor  in 
prostate  cancer  cells.  We  found  that  niclosamide  reduces 
AR  V7  recruitment  to  the  PSA  promoter  and  significantly 
inhibits  AR  V7  protein  expression  by  protein  degradation 
via  a  proteasome  dependent  pathway.  Niclosamide  inhibits 
prostate  cancer  cell  growth  in  vitro  and  tumor  growth  in  vivo. 
Furthermore,  niclosamide  overcomes  enzaiutamide  resis 
tance  and  significantly  enhances  enzaiutamide  therapy  in 
prostate  cancer  cells,  suggesting  that  niclosamide  can  be 
used  to  treat,  either  alone  or  in  combination  with  current 
antiandrogen  therapies,  patients  with  advanced  prostate 
cancer,  especially  those  resistant  to  enzaiutamide. 

Materials  and  Methods 

Reagents  and  cell  culture 

LNCaP,  VCaP,  CWR22Rvl,  PC3,  and  HEK293  cells  were 
obtained  from  the  American  Type  Culture  Collection 


(ATCC).  All  experiments  with  cell  lines  were  performed 
within  6  months  of  receipt  from  ATCC  or  resuscitation  after 
cryopreservation.  ATCC  uses  short  tandem  repeat  (STR) 
profiling  for  testing  and  authentication  of  cell  lines.  C4  2 
and  C4  2B  cells  were  kindly  provided  and  authenticated  by 
Dr.  L.  Chung,  Cedars  Sinai  Medical  Center  (Los  Angeles, 
CA).  The  cells  were  maintained  in  RPMI  1640  supplemen 
ted  with  10%  fetal  bovine  serum  (FBS),  100  units/mL 
penicillin,  and  0. 1  mg/mL  streptomycin.  VCaP  cells  were 
maintained  in  DMEM  supplemented  with  10%  EBS,  100 
units/mL  penicillin,  and  0.1  mg/mL  streptomycin.  C4  2 
neo  and  C4  2  AR  V7  cells  were  generated  by  stable  trans 
fection  of  C4  2  cells  with  either  empty  vector  pcDNA3. 1  or 
pcDNA3.1  encoding  ARV7  and  were  maintained  in  RPMI 
1640  medium  containing  300  |tg/mL  G418.  HEK293  AR 
V7  PSA  E/P  LUC  cells  were  generated  by  stable  transfection 
of  HEK293  cells  with  plasmids  encoding  AR  V7  and  PSA  E/ 
P  LUC  reporter  and  were  maintained  in  RPMI  1640  medi 
um  containing  300  |tg/mL  C418.  C4  2B  cells  were  chron 
ically  exposed  to  increasing  concentrations  of  enzaiutamide 
(5  40  pmol/L)  by  passage  in  media  containing  enzaluta 
mide  for  >  1 2  months  in  complete  FBS  and  stored  for  further 
analysis.  Cells  resistant  to  enzaiutamide  were  referred  to  as 
C4  2B  MR  (C4  2B  enzaiutamide  resistant;  ref  18).  Parental 
C4  2B  cells  were  passaged  alongside  the  enzaiutamide 
treated  cells  as  an  appropriate  control.  C4  2B  MR  cells  were 
maintained  in  20  pmol/L  enzaiutamide  containing  medi 
um.  All  cells  were  maintained  at  37°C  in  a  humidified 
incubator  with  5%  carbon  dioxide. 

Cell  transfection  and  luciferase  assay 

For  small  interfering  RNA  (siRNA)  transfection,  cells 
were  seeded  at  a  density  of  1  x  10^  cells  per  well  in  12 
well  plates  or  3  x  10^  cells  per  well  in  6  well  plates  and 
transfected  with  siRNA  (Dharmacon)  targeting  the  AR 
exon  7  sequence  (UCAAGCAACUCCAUCGUAU;  ref  22) 
or  AR  V7  sequence  (GUAGUUGUAAGUAUCAUGA;  ref 
22)  or  a  control  siRNA  targeting  the  luciferase  (Luc)  gene, 
sicontrol  (CTTACGCTGAGTACTTCGA),  using  lipofecta 
mine  RNAiMAX  (Invitrogen).  Cells  were  transiently  trans 
fected  with  plasmids  expressing  wild  type  (WT)  AR,  AR  V7, 
or  pcDNA3.1  using  Attractene  transfection  reagent  (Qia 
gen).  For  luciferase  assay,  LNCaP  or  PC3  cells  (1  x  10^  cells 
per  well  of  12  well  plate)  were  transfected  with  0.5  pg  of 
pGL3  PSA6.0  Luc  reporter  plasmid  or  the  control  plasmid 
along  with  WT  AR  or  AR  V7.  The  luciferase  activity  was 
determined  24  to  48  hours  after  transfection  using  a  dual 
luciferase  reporter  assay  system  as  described  previously 
(Promega;  ref  23),  the  signal  was  normalized  to  Renilla 
luciferase  control  as  relative  luciferase  units. 

Chromatin  immunoprecipitation  assay 

C4  2  neo  and  C4  2  AR  V7  cells  were  cultured  in  CS  FBS 
condition  for  3  days.  DNA  AR  protein  complexes  were 
cross  linked  inside  the  cells  by  the  addition  of  1%  formal 
dehyde.  Whole  cell  extracts  were  prepared  by  sonication, 
and  an  aliquot  of  the  cross  linked  DNA  protein  comp 
lexes  was  immunoprecipitated  by  incubation  with  the 
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AR  specific  antibody  (AR  441;  Santa  Cruz  Biotechnology) 
overnight  at  4°C  with  rotation.  Chromatin  antibody  com 
plexes  were  isolated  from  solution  by  incubation  with 
protein  A/G  agarose  beads  for  1  hour  at  4°C  with  rotation. 
The  bound  DNA  protein  complexes  were  washed  and 
eluted  from  beads  with  elution  buffer  (1%  SDS  and  0.1 
mol/L  NaHCOs),  crosslinking  was  reversed,  and  DNA  was 
extracted.  The  resulting  chromatin  preparations  were  ana 
lyzed  by  PCR  using  primers  spanning  AREs  of  the  PSA 
promoter  as  described  previously  (24).  Isotype  matched 
IgG  was  used  as  control. 

Preparation  of  nuclear  and  cytosolic  extracts 

C4  2B  parental  and  C4  2B  MR  cells  were  cultured  in 
media  containing  charcoal  stripped  PBS  (CS  FBS)  for  4 
days.  Cells  were  harvested,  washed  with  PBS  twice,  and 
resuspended  in  a  low  salt  buffer  [10  mmol/L  HEPES  KOEI 
(pEI  7.9),  1.5  mmol/L  MgCl2,  10  mmol/L  KCl,  and  0.1% 
NP40]  and  incubated  on  ice  for  30  minutes.  Nuclei 
were  precipitated  by  centrifugation  at  3,000  x  g  at  4°C 
for  10  minutes.  The  supernatants  were  collected  as  the 
cytosolic  fraction.  After  washing  once  with  the  low  salt 
buffer,  the  nuclei  were  lysed  in  a  high  salt  lysis  buffer 
[50  mmol/L  Tris  HCl  (pH  8),  150  mmol/L  NaCl,  1% 
Triton  X  100[  with  vigorous  shaking  at  4°C  for  30  min 
utes.  The  nuclear  lysates  were  precleared  by  centrifugation 
at  10,000  rpm  at  4°C  for  15  minutes.  Protein  concentra 
tion  was  determined  using  the  Coomassie  Plus  Protein 
Assay  Kit  (Pierce). 

Western  blot  analysis 

Cellular  protein  extracts  were  resolved  on  SDS  PAGE 
and  proteins  were  transferred  to  nitrocellulose  mem 
branes.  After  blocking  for  1  hour  at  room  temperature  in 
5%  milk  in  PBS/0. 1%  Tween  20,  membranes  were  incu 
bated  overnight  at  4°C  with  the  indicated  primary  anti 
bodies  [AR441  (SC  7305,  Santa  Cruz  Biotechnology);  AR 
V7  (AG10008;  Precision  antibody);  PSA  (SC  7316,  Santa 
Cruz  Biotechnology);  Tubulin  (T5168,  Sigma  Aldrich)). 
Tubulin  was  used  as  loading  control.  Following  secondary 
antibody  incubation,  immunoreactive  proteins  were  visu 
alized  with  an  enhanced  chemiluminescence  detection 
system  (Millipore). 

Cell  growth  assay 

C4  2  neo,  C4  2  AR  V7,  CWR22Rvl,  or  PZ  HPV  7  cells 
were  seeded  on  12  well  plates  at  a  density  of  1  x  10^  cells/ 
well  in  RPMI  1640  media  containing  10%  FBS  and  treated 
with  0.5  pmol/L  niclosamide  for  48  hours.  Total  cell  num 
bers  were  counted  and  the  cell  survival  rate  (%)  was  calcu 
lated.  Cell  survival  rate  (%)  =  (Treatment  group  cell  num 
ber/Control  group  cell  number)  x  100%.  CWR22Rvl  cells 
were  transiently  transfected  with  AR  exon  7  siRNA  or  AR  V7 
siRNA  in  CS  FBS  condition,  cell  numbers  were  counted  on 
different  days.  C4  2B  or  C4  2B  MR  cells  were  seeded  on  12 
well  plates  at  a  density  of  0.5  x  10^  cells/well  in  RPMI  1640 
media  containing  10%  FBS  and  treated  with  20  pmol/L 
enzalutamide.  Total  cell  numbers  were  counted  after  3  and 


5  days.  CWR22Rvl  cells  or  C4  2B  MR  cells  were  seeded  on 
12  well  plates  at  a  density  of  0.5  x  10^  cells/well  in  RPMI 
1640  media  containing  10%  FBS  and  cotreated  with  0.25 
pmol/L  niclosamide  and  20  pmol/L  enzalutamide  in  media 
containing  FBS.  Total  cell  numbers  were  counted  after  3  and 
5  days. 

Clonogenic  assay 

C4  2  neo,  C4  2  AR  V7,  CWR22Rvl,  or  C4  2B  MR  cells 
were  treated  with  DMSO,  0.5  or  1.0  pmol/L  niclosamide  in 
media  containing  10%  complete  FBS.  CWR22Rvl  cells  or 
C4  2B  MR  cells  were  treated  with  0.25  pmol/L  niclosamide 
with  or  without  20  pmol/L  enzalutamide.  Cells  were  plated 
at  equal  density  (1,500  cells/dish)  in  100  mm  dishes  for  14 
days;  the  medium  was  changed  every  7  days.  The  colonies 
were  rinsed  with  PBS  before  staining  with  0.5%  crystal 
violet/4%  formaldehyde  for  30  minutes  and  the  numbers 
of  colonies  were  counted. 

Cell  death  ELISA 

C4  2  neo,  C4  2  AR  V7,  CWR22Rvl,  or  PZ  HPV  7  cells 
were  seeded  on  12  well  plates  (1  x  10^  cells/well)  in  RPMI 
1640  media  containing  1 0%  FBS  and  treated  with  DMSO  or 
0.5  pmol/L  niclosamide  for  48  hours.  Mono  and  oligonu 
cleosomes  in  the  cytoplasmic  fraction  were  measured  by  the 
Cell  Death  Detection  ELISA  Kit  (Roche,  Catalog  No. 
11544675001)  according  to  the  manufacturer's  instruc 
dons.  Briefly,  floating  and  attached  cells  were  collected  and 
homogenized  in  400  pL  of  incubation  buffer.  The  wells 
were  coated  with  antihistone  antibodies  and  incubated  with 
the  lysates,  horseradish  peroxidase  conjugated  anti  DNA 
antibodies,  and  the  substrate,  in  that  sequence.  Absorbance 
was  measured  at  405  nm. 

Real  time  quantitative  reverse  transcription  PCR 

Total  RNAs  were  extracted  using  TRizol  reagent  (Invitro 
gen).  cDNAs  were  prepared  after  digestion  with  RNase  free 
RQl  DNase  (Promega).  The  cDNAs  were  subjected  to  real 
time  reverse  transcription  PCR  (RT  PCR)  using  Sso  Fast  Eva 
Green  Supermix  (Bio  Rad)  according  to  the  manufacturer's 
instructions  and  as  described  previously  (25).  Each  reaction 
was  normalized  by  co  amplification  of  actin.  Triplicates  of 
samples  were  mn  on  default  settings  of  Bio  Rad  CFX  96 
real  time  cycler.  Primers  used  for  real  time  PCR  were:  AR  full 
length:  5'  AAG  CCA  GAG  CTG  TGC  AGATGA,  3'  TGT  CCT 
GCA  GCC  ACT  GGTTC;  AR  VI :  5'  AAC  AGA  ACT  ACC  TGT 
GCG  CC,  3'  TGA  GAC  TCC  AAA  CAC  CCT  CA;  AR  V7:  5' 
AAC  AGA  ACT  ACC  TGT  GCG  CC,  3'  TCA  GCG  TCT  CCT 
CATTTTGA;  ARVl/2/2b:  5'  TGGATG  GATAGCTACTCC 
GG,  3'  GTTCATTCTGAAAAATCCTFCAGC;  ARl/2/3/2b: 
5'  AAC  AGA  AGT  ACC  TGT  GCG  CC,  3'  TFCTGTCAGTCC 
CAT  TGC  TG;  Actin:  5'  AGA  ACT  GGC  CCT  TCT  TGG  AGG, 
3'  GTT  TTT  ATG  TTC  CTG  TAT  GGG. 

Measurement  of  PSA 

PSA  levels  were  measured  in  the  culture  supernatants 
using  PSA  ELISA  Kit  (United  Biotech,  Inc.)  according  to 
the  manufacturer's  instmctions. 
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Rgure  1.  AR  V7  is  oonstitutively 
active  in  prostate  cancer  cells.  A, 
LNCaP,  C4  2,  CWR22RV1,  aid 
VCaP  cells  wae  cultured  in  CS 
FBS  condition  for  3  days.  AR  V7 
mRNA  levels  were  analyzed  by 
qRT  PCR,  whole  cell  protein  was 
extracted  and  inmunoblotted  with 
indicated  antibodies.  Results  are 
presented  as  means  ±  SD  of  3 
experiments  performed  in 
duplicate.  B,  PC  3  cells  and 
LNCaP  cells  were  cultured  in  CS 
FBS  condition  and  transiently 
transfected  with  WT  AR  or  AR  V7 
plasmid  for  3  days  followed  by 
treatment  with  1 0  nmol/L  DHT  trx 
anotha  24  hours  and  whole  cell 
lysates  were  subjected  to 
luciferase  assay.  C,  C4  2  neo  and 
C4  2  AR  V7  stable  done  wae 
cultured  in  CS  FBS  condition,  AR 
V7  and  PSA  mRNA  level  was 
determined  by  qRT  PCR,  the  AR 
V7  and  PSA  protein  expression 
was  detected  by  Western  blot 
analysis  (insert).  D,  CWR22Rv1 
c»lls  were  transiently  transfected 
with  control  siFlNA,  AR  exon  7 
siRNA,  or  AR  V7  siRNA  in  CS  FBS 
condition,  cell  numbers  were 
counted  on  diffaent  days  and  the 
knock  down  efficiency  was 
examined  by  Western  blot 
analysis.  Results  ae  presented  as 
means  ±  SD  of  3  experiments 
perfomied  in  duplicate.  •,  P  <  0.05 
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In  vivo  tumorigenesis  assay 

CWR22Rvl  cells  (3  million)  were  mixed  with  matrigel 
(1:1)  and  injected  subcutaneously  into  the  flanks  of  6  to 
7  week  male  SCID  mice.  Tumor  bearing  mice  (tumor 
volume  around  50  100  mm*)  were  randomized  into  4 
groups  (with  10  tumors  in  each  group)  and  treated  as 
follows:  (i)  vehicle  control  (5% Tween  80  and  5%ethanol 
in  PBS,  i.p.;  ref.  2),  (ii)  enzalutamide  (25  m^kg,  p.o.; 
ref  3),  (iii)  niclosamide  (25  m^kg,  i.p.;  ref.  4),  and  (iv) 


enzalutamide  (25  mg/kg,  p.o.)  -F  niclosamide  (25  mg/kg 
i.p.).  Tumors  were  measured  using  calipers  twice  a  week 
and  tumor  volumes  were  calculated  using  length  x 
width^/2.  Tumor  tissues  were  harvested  after  3  weeks  of 
treatment. 

Immunohistochemistry 

Tumors  were  fixed  by  formalin  and  paraffin  embedded 
tissue  blocks  were  dewaxed,  rehydrated,  and  blocked  for 
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Figure  Z  Niclosamide  inhibited  AR  V7  franscription  activity.  A,  293  AR  V7  PSA  luciferase  promoter  stable  clone  was  treated  with  1.0  pmol/L 
niclosamide  or  20  pmol/L  enzalutamide  overnight  in  media  containing  10%  FBS  or  10%  CS  FBS  and  whole  cell  lysates  were  subjected  to  luciferase 
assay.  B,  LNCaP  cells  were  cotransfected  with  PSA  luciferase  promoter  and  AR  V7  in  CS  FBS  condition  for  24  hours,  followed  by  treatment  with  1 .0 
pmol/L  niclosamide  or  20  pmol/L  enzalutamide  overnight  and  whole  cell  lysates  were  subjected  to  luciferase  assay.  C,  C4  2  neo  and  C4  2  AR  V7  cells 
were  cultured  in  CS  FBS  condition  for  3  days,  followed  by  treatment  with  1 .0  pmol/L  niclosamide  or  20  (imol/L  enzalutamide  overnight  and  the 
supernatants  were  subjected  to  PSA  ELISA.  D,  C4  2  neo  and  C4  2  AR  V7  cells  were  cultured  in  CS  FBS  condition  for  3  days,  whole  cell  lysates  were 
subjected  to  ChIP  assay  (left).  C4  2  AR  V7  cells  were  treated  with  0.5  pmol/L,  1.0  pmol/L  niclosamide,  or  20  pmol/L  enzalutamide  overnight  and 
w/hole  cell  lysates  were  subjected  to  ChIP  assay  (right).  Results  are  presented  as  means  ±  SD  of  3  experiments  performed  in  duplicate.  * ,  P  <  0.05.  Enza, 
enzalutamide;  Nic,niclosamide;  RLU,  relative  luciferase  unit 


endogenous  peroxidase  activity.  /Antigen  retrieving  was 
performed  in  sodium  citrate  buffer  (0.01  mol/L,  pH  6.0) 
in  a  microwave  oven  at  1 ,000  W  for  3  minutes  and  then  at 
100  W  for  20  minutes.  Nonsjtecific  antibody  binding  was 
blocked  by  incubating  with  10%  FBS  in  PBS  for  30 
minutes  at  room  temperature.  Slides  were  then  incubated 
with  anti  Ki67  (at  1:500;  NeoMarker)  at  room  tempera 
ture  for  30  minutes.  Slides  were  then  washed  and  incu 
bated  with  biotin  conjugated  secondary  antibodies  for  30 
minutes,  followed  by  incubation  with  avidin  DH  bioti 
nylated  horseradish  peroxidase  complex  for  30  minutes 
(Vectastain  ABC  Elite  Kit;  Vector  Laboratories).  The  sec 
tions  were  developed  with  the  Diaminobenzidine  Sub 
strate  Kit  (Veaor  Laboratories)  and  counterstained  with 
hematoxylin.  Nuclear  staining  cells  was  scored  and 
counted  in  5  different  vision  areas.  Images  were  taken 
with  an  Olympus  BX5 1  microscope  equipped  with  DP72 
camera. 


Statistical  analysis 

All  data  are  presented  as  means  ±  standard  deviation 
(SD)  of  the  mean.  Statistical  analyses  were  performed  with 
Microsoft  Excel  analysis  tools.  Differences  between  individ 
ual  groups  were  analyzed  by  one  way  analysis  of  variance 
(ANOVA)  followed  by  the  Scheffe  procedure  for  compar 
ison  of  means.  P  <  0.05  was  considered  statistically 
significant. 

Results 

AR  V7  is  constitutiveiy  activated  in  prostate  cancer  cells 
The  deletion  of  LBD  results  in  constitutive  activation  of 
the  AR  (26,  27).  AR  V7,  a  C  terminally  truncated  AR  splice 
variant,  has  been  linked  to  CRPC  and  enzalutamide  resis 
tance  (5,  7,  18).  We  detected  /^RV7  mRNA  in  different 
prostate  cancer  cell  lines,  as  shown  in  Fig.  lA  (left). 
CWR22Rvl  and  VCaP  cells  expressed  significantly  higher 
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Western  blot  analysis  using  antibodies  specific  against  AR  V7.  Plotted  on  semilog  scale  relative  to  respective  time  0  AR  V7  value  as  100%,  dashed  line 
indicates  50%  half  life.  D,  effect  of  MG1 32  on  niclosamide  induced  AR  protein  degradation.  MG1 32  p  |imol/L)  was  added  to  CWR22Rv1  cells  together 
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AR  V7  than  LNC^aP  and  C4  2  cells.  The  results  were  also 
confirmed  by  Western  blot  analysis,  as  shown  in  Fig.  lA 
(ri^t),  in  whidi  CWR22Rvl  and  VCaP  cells  expressed 
higher  protein  expression  levels  of  AR  variants,  including 
AR  V7,  than  LNCaP  and  C4  2  cells.  To  examine  the  tran 
scriptional  activity  of  AR  V7  in  PC  3  and  LNCaP  cells,  we 
transiently  transfeaed  WT  AR,  AR  V7,  or  pcDNA3. 1  along 
with  PGL3  PSA  6.0  luciferase  repiorter  plasmids.  As  shown 
in  Fig.  IB,  expression  of  AR  V7  was  able  to  activate  PSA 
promoter  in  both  PC  3  and  LNCaP  cells  in  the  absence  of 
DHT;  whereas  expression  of  WT  AR  could  not  activate  PSA 
promoter  in  PC  3  cells  in  the  absence  of  DHT,  consistent 
with  reports  that  AR  V7  is  constitutively  aaivated  in  the 
absence  of  ligand  (6).  To  further  understand  the  function  of 
AR  V7  in  prostate  cancer  cells,  we  stably  transfected  AR  V7 
into  C4  2  cells,  as  shown  in  Fig.  lC(left).  C4  2  AR  V7  stable 
clone  expressed  significantly  higher  ARV7  mRNA  and 
protein  level  compared  with  C4  2  neo  cells.  Furthermore, 
AR  V7  funaionally  increased  PSA  mRNA  and  protein 
expression  in  C4  2  cells  cultured  in  media  containing 
androgen  deprived  charcoal  stripped  FBS  (Fig.  1C,  right). 
To  examine  the  effect  of  AR  V7  on  cell  growth  in  prostate 


cancer  cells,  CWR22Rvl  cells  were  transiently  transfected 
with  ARexon  7  siRNA  (which  targets  full  length  AR,  but  not 
AR  variants]  or  AR  V7  siRNA  in  CS  FBS  condition,  cell 
numbers  were  determined  on  different  days.  As  shown 
in  Fig.  ID(left),  knocked  down  full  length  ARhad  moderate 
growth  inhibition  on  CWR22Rvl  cells,  whereas  knocked 
down  AR  V7  significantly  inhibited  cell  growth,  consistent 
with  previous  repiorts  that  AR  V7  but  not  full  length  AR 
plays  dominant  role  in  growth  of  CWR22Rvl  cells  (19, 22). 
The  knocked  down  efficiency  was  confirmed  by  Western 
blot  analysis  (Fig.  ID,  right).  Collectively,  these  data  sug 
gested  that  AR  V7  is  constitutively  activated  in  prostate 
cancer  cells  and  targeting  AR  V7  could  inhibit  cell  growth. 

Identification  of  niclosamide  as  a  novel  inhibitor  of 
AR  V7 

To  identify  potential  inhibitors  of  AR  V7,  we  generated  an 
AR  V7  expression  cell  system  and  used  it  to  screen  the 
Prestwick  Chemical  library,  which  contains  about  1,120 
small  molecules  and  approved  drugs  (FDA,  EMEA,  and 
other  agencies).  The  dmg  screening  was  conducted  using 
luciferase  activity  assay  to  determine  the  aaivity  of  AR  V7 


www.aacrjoumals.org 


Clin  Cancer  Res;  20(12)  June  15,  2014 


Downloaded  from  clincancerres.aacrjoumals.org  on  July  1,  2015.  ©  2014  American  Association  for  Cancer  Research. 


3203 


Published  OnlineFirst  April  16,  2014;  DOI:  10. 11 58/1 078-0432.CCR-1 3-3296 


Liu  et  al. 


S,  100 


5 


60 

40 


20 


ii 


I C4-2  neo 
■  C4-2  AR-V7 


O  PZ-HPV-7 


Nick>samide  0.5  pmol/L 


IT 

R1 


0.5 


1  0 


Niclosamide  (pmol/L) 


B 


1.6 

1.4 

1.2 


S,  1 

u  0.8 

I  0.6 

8  O  '* 
§  0.2 


D 


■  C4-2  neo 

■  C4-2AR-V7 

■  CWR22RV1 
□  PZ+IPV-7 


Niclosamide  0.5  |jmol/L 


■  C4-2  neo 
■C4-2  AR-V7 
□CWR22RV1 


0  0.5  1 

Niclosamide  (pmol/L) 


Figure  4.  Niclosamide  inhibited 
prostate  cancer  cell  growth  and 
induced  cell  apoptosis  A,  C4  2 
neo,C4  2AR  V7,  CWR22Rv1 ,  and 
P2  HPV  7  cells  were  treated  with 
0.5  |imol/L  niclosamide  in  media 
containing  FBS,  cell  numbers  were 
counted,  and  cell  sun/ival  rate  was 
calculated  after  48  hours.  B,  C4  2 
neo,C4  2AR  V7,  CWR22Rv1 ,  and 
PZ  HPV  7  cells  were  treated  with 
0.5  |imol/L  niclosamide  in  media 
containing  FBS,  and  apoptosis 
was  analyzed  by  cell  death  EUSA 
after  48  hours.  C,  C4  2  neo,  C4  2 
AR  V7,  orCWR22Rv1  cells  were 
treated  with  0,  0.5,  or  1.0  pmol/L 
niclosamide  and  clonogenic 
assays  were  perfonned.  D, 
colonies  were  counted  and  results 
are  presented  as  means  ±  SD  of  2 
experiments  performed  in 
duplicate.  Niclosamide  inhibited 
colony  formation  in  a  dose 
dependent  manner.  *,  P  <  0.05 


after  treatment  with  the  compounds  in  the  library.  To  avoid 
interference  from  expression  of  the  full  length  AR,  we  used 
the  HEK293  cell  line  that  lacks  the  AR.  The  HEK293  cells 
were  stably  cotransfected  with  AR  V7  plasmid  and  PGL3 
PSA6.0  luciferase  reporter  plasmid,  and  stable  clones  were 
seleaed  using  G418.  To  perform  compound  screening, 
HEK293  AR  V7  PSA  luc  stable  clones  were  seeded  in  96 
well  plates  following  treatment  with  each  compiound  in  the 
library  for  24  hours  and  luciferase  aaivities  were  measured. 
Niclosamide,  an  FDA  approved  antihelminthic  drug  was 
identified  as  being  able  to  inhibit  AR  V7  mediated  ludfer 
ase  activity.  Nidosamide  has  been  used  to  treat  human 
tapeworm  infeaions  for  around  50  years. 

Nidosamide  inhibited  AR  V7  transcriptional  activity 
and  reduced  recruitment  of  AR  V7  to  PSA  promoter 
To  further  examine  whether  niclosamide  inhibits  AR  V7 
transcriptional  activity,  we  first  validated  in  HEK293  AR  V7 
PSA  E/P  LUC  cell  systems.  As  shown  in  Fig.  2A,  niclosamide 
significantly  inhibited  AR  V7  transcriptional  activity  where 
as  enzalutamide  had  no  effect  To  examine  whether  the 
effects  could  be  reprcxiuced  in  a  prostate  cancer  cell  system, 
LNCaP  cells  were  transiently  transfected  with  AR  V7,  fol 
lowed  by  treatment  with  niclosamide  or  enzalutamide  with 
or  without  DHT  overnighL  As  shown  in  Fig.  2B,  both 
nidosamide  and  enzalutamide  dramatically  inhibited 
DHT  induced  AR  transcriptional  activity,  but  only  niclosa 
mide  inhibited  AR  V7  transcriptional  activity.  To  further 
determine  whether  the  inhibition  of  luciferase  activity 


could  be  translated  to  inhibition  of  protein  expression,  PSA 
EUSA  was  fierformed,  as  shown  in  Rg  2C.  C4  2  AR  V7  cells 
were  cultured  in  CS  FBS  condition  and  shown  to  express 
higher  PSA  levels  than  G4  2  neo  cells.  Niclosamide  signif 
icantly  inhibited  PSA  levels  in  G4  2  AR  V7  cells.  To  further 
dissea  the  mechanism  of  AR  V7  inhibition  by  niclosamide, 
a  Chip  assay  was  performed.  C4  2  neo  and  C4  2  AR  V7 
cells  were  cultured  in  CS  FBS  condition  for  3  days  and 
whole  cell  lysates  were  subjected  to  ChIP  assay,  as  shown 
in  Fig.  2D(left),  AR  V7  was  recruited  to  the  PSA  promoter. 
Next  we  cultured  C4  2  AR  V7  cells  in  CS  FBS  condition 
followed  by  treatment  with  nidosamide  (0.5  and  1  pmol/L) 
or  20  pmol/Lenzalutamide  overnight  and  whole  cell  lysates 
was  subjected  to  ChIP  assay.  As  shown  in  Rg  2D(right), 
niclosamide  significantly  reduced  recruitment  of  AR  V7  to 
PSA  promoter  whereas  enzalutamide  had  no  effect  Collec 
tively,  these  results  demonstrate  that  niclosamide  but  not 
enzalutamide  was  able  to  inhibit  AR  V7  transaaivation. 

Nidosamide  inhibits  AR  V7  protein  expression 
through  enhancing  protein  degradation 
To  determine  whether  nidosamide  inhibits  AR  V7 
expression,  CWR22Rvl  cells,  which  express  endogenous 
AR  V7,  were  treated  with  different  concentrations  of  niclo 
samide.  As  shown  in  Fig.  3A(left),  nidosamide  inhibited 
endogenous  AR  V7  protein  in  a  dose  dependent  manner. 
A  total  of  0.5  pmol/L  niclosamide  significantly  inhibited 
AR  V7  expression  but  had  little  effect  on  full  length  AR  (AR 
FL)  expression,  which  su^ested  that  niclosamide  is  more 
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Figures  C4  2Bcellschionicalty  treated  withenzalutamideexpressAR  variants  andaresensitiveto  Niclosamide.  A,  C4  2B  parental  or  C4  2B  MR  cells  were 
treated  vuith  20  pmoUL  enzalutamide  in  RPM1 1 640  mediaoontaining  10%  FBSand  total  cell  numbers  were  counted  at  differenttime  points  as  indicated.  B,  C4 
2B  parental  cells  and  C4  2B  MR  cells  were  cultured  in  RPM1 1 640  mediacontaining  10%  FBS  for  3  days,  total  RNAs  were  extracted  and  AR  VI ,  AR  V7,  AR1 121 
2b,  AR1/2/3/2b,  or  AR  full  length  mRNA  levels  were  analyzed  by  qRT  PCR.  AR  V7  protein  level  was  examined  by  Western  blot  analysis  0nside).C4  2B 
parental  ceils  and  C4  2B  MR  cells  were  cultured  in  media  containing  10%  CS  FBS  for  3  days,  the  cells  were  harvested  for  preparation  of  cytosolic  and 
nuclear  fractions  arxJ  analyzed  by  Western  blotting  using  antibodies  against  AR  V7,  AR,  RNA  polymerase  II,  or  Tubulin  (right).  The  expression  of  RNA 
polymerase  II  and  tubulin  were  used  as  markers  for  the  integrity  of  the  nuclear  and  cytosolic  fractions,  respectively.  C,  C4  2B  MR  cells  were  cultured  in  media 
containing  10%  FBS  and  treated  with  different  concentrations  of  enzalutamide  orniclosamide  as  indicated  and  total  cell  numbers  were  counted  after48  hours. 
D,  C4  2B  MR  cells  were  treated  with  DMSO,  10  or  20  pmol/L enzaiutamide,  0.5  or  1.0  pmol/L  niclosamide  and  clonogenic  assays  were  performed.  Colonies 
were  counted  and  resuits  are  presented  as  means  ±  SD  of  2  experiments  performed  in  duplicate.  *,  P  <  0.05.  Enza,  enzalutamide,  Nic,  niclosamide. 
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Figure  6.  Niclosamide  enhances  enzalutamide  effects  both  in  vitro  and  in  vivo.  A,  CWF122Rv1  cells  or  C4  2B  MR  cells  were  treated  with  025  jimol/L 
niclosamide  with  or  without  20  pmol/L  enzalutamide  in  media  containing  FBS  and  cell  numbers  were  counted  after  3  and  5  days.  Results  are  presented  as 
means  ±  SD  of  3  experiments  performed  in  duplicate.  {Continued  on  the  fottowing  page.) 
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potent  in  inhibition  of  the  truncated  AR.  Niclosamide 
inhibited  AR  V7  protein  expression  starting  at  4  hours 
treatment  (Fig.  3A,  right).  To  further  clarify  how  niclosa 
mide  decreases  AR  V7  protein  expression,  we  first  deter 
mined  the  effects  of  niclosamide  on  AR  V7  expression  at  the 
transcriptional  level.  As  shown  in  Fig.  3B,  niclosamide  did 
not  affect  AR  V7  or  full  length  AR  mRNA  level,  suggesting 
that  niclosamide  did  not  affect  AR  V7  expression  at  the 
transcriptional  level.  Next,  we  examined  the  effect  of  niclo 
samide  on  ARV7  protein  degradation  after  new  protein 
synthesis  was  blocked  by  cycloheximide  (CHX) .  The  protein 
synthesis  inhibitor  CHX  (50  pg/mL)  was  added  with  or 
without  2  pmol/L  niclosamide  at  time  0  hour.  At  specified 
time  points,  cells  were  harvested,  and  the  levels  of  AR  V7 
protein  were  measured  by  Western  blot  analysis  using 
antibodies  specific  against  ARV7.  As  shown  in  Fig.  3C, 
niclosamide  increased  ARV7  protein  degradation  com 
pared  with  the  untreated  control  cells.  To  examine  whether 
niclosamide  induced  ARV7  protein  degradation  via  the 
ubiquitin  proteasome  system,  the  26S  proteasome  inhib 
itor  MG132  (5  pmol/L)  was  added  to  the  cells  treated  with 
niclosamide.  MG  132  was  able  to  reduce  the  niclosamide 
mediated  inhibition  of  AR  V7  protein  expression  (Fig.  3D), 
suggesting  that  niclosamide  induced  AR  V7  degradation  via 
a  proteasome  dependent  pathway. 

Niclosamide  inhibited  prostate  cancer  cell  growth  and 
induced  cell  apoptosis 

To  examine  whether  niclosamide  affects  prostate  cancer 
cell  growth,  G4  2  neo,  G4  2  AR  V7,  GWR22Rvl,  and  PZ 
HPV  7  cells  were  treated  with  DMSO  or  0.5  pmol/L  niclo 
samide  for  48  hours  and  cell  numbers  were  determined.  As 
shown  in  Fig.  4A,  0.5  pmol/L  niclosamide  significantly 
inhibited  cell  growth  in  prostate  cancer  cells,  with  little 
effect  on  PZ  HPV  7  normal  prostate  epithelial  cells.  To 
further  examine  the  anticancer  effects  of  niclosamide,  cell 
death  ELISA  was  performed.  As  shown  in  Fig.  4B,  0.5  pmol/ 
L  niclosamide  significantly  induced  cell  apoptosis  in  pros 
tate  cancer  cells,  but  had  little  effect  on  PZ  HPV  7  cells.  We 
also  examined  the  effect  of  niclosamide  on  clonogenic 
ability.  As  shown  in  Fig.  4G  and  D,  niclosamide  significantly 
inhibited  clonogenic  ability  of  prostate  cancer  cells  in  a 
dose  dependent  manner.  Gollectively,  these  results  revealed 
that  niclosamide  inhibited  prostate  cancer  cell  growth  and 
induced  cell  apoptosis  with  minimal  effects  on  normal 
prostate  epithelial  cells. 

C4  2B  cells  chronically  treated  with  enzaiutamide 
express  AR  variants  and  are  sensitive  to  niclosamide 

We  generated  an  enzaiutamide  resistant  prostate  cancer 
cell  line  by  continuous  culture  of  G4  2B  cells  in  media 
containing  enzaiutamide.  As  shown  in  Fig.  5 A,  after  12 


months  of  being  cultured  in  media  containing  enzaluta 
mide,  G4  2B  MR  (G4  2B  enzaiutamide  resistant)  cells  exhib 
ited  more  resistance  to  enzaiutamide  treatment  than  G4  2B 
parental  cells.  Next,  we  examined  the  expression  levels  of  AR 
variants  in  G4  2B  parental  and  G4  2B  MR  cells.  As  shown 
in  Fig.  5B(left),  G4  2B  MR  cells  express  higher  levels  of  AR 
variant  mRNAs  and  protein  than  G4  2B  parental  cells, 
including  AR  VI,  ARV7,  ARl/2/2b,  and  ARl/2/3/2b.  Fur 
thermore,  AR  V7  was  constitutively  expressed  in  the  nucleus 
but  not  in  cytoplasm  (Fig.  5B,  right).  Because  niclosamide 
can  inhibit  AR  V7  expression,  we  examined  whether  niclo 
samide  inhibits  G4  2B  MR  cell  growth.  As  shown  in  Fig.  5G, 
G4  2B  MR  cells  were  resistant  to  enzaiutamide  but  signifi 
candy  inhibited  by  niclosamide  in  a  dose  dependent  man 
ner.  The  results  were  also  confirmed  by  clonogenic  assay.  As 
shown  in  Fig.  5D,  niclosamide  but  not  enzaiutamide  signif 
icantly  inhibited  colony  formation  in  G4  2B  MR  cells. 

Niclosamide  enhances  enzaiutamide  treatment 

To  examine  whether  niclosamide  could  enhance  enza 
lutamide  therapy  in  prostate  cancer  cells,  GWR22Rvl  cells 
were  treated  with  niclosamide  in  combination  with  or 
without  enzaiutamide  for  48  hours.  As  shown  in  Fig.  6A 
(left),  single  agent  treatments  with  low  dose  of  niclosa 
mide  or  enzaiutamide  had  moderate  effects  on 
GWR22Rvl  cells  whereas  combination  treatments  signif 
icantly  inhibited  cell  growth  in  a  time  dependent  man 
ner.  We  also  tested  the  effects  in  enzaiutamide  resistant 
cell  line  (G4  2B  MR).  Gombination  therapy  of  niclosa 
mide  with  enzaiutamide  significantly  inhibited  G4  2B  MR 
cell  growth  compared  with  single  agent  treatments  (Fig. 
6A,  right) .  The  synergistic  effects  were  also  confirmed  by 
clonogenic  assay  (Fig.  6B). 

To  test  whether  niclosamide  overcomes  enzaiutamide 
resistance  of  prostate  cancer  in  vivo,  xenografts  generated 
from  GWR22Rvl  cells  were  treated  with  vehicle,  enzalu 
tamide,  niclosamide,  or  their  combination  for  3  weeks  as 
described  in  Materials  and  Methods.  As  shown  in  Fig.  6G, 
GWR22Rvl  cells  were  resistant  to  enzaiutamide  treat 
ment  with  tumor  volumes  comparable  to  those  in  the 
vehicle  treated  control  group.  Niclosamide  alone  de 
creased  the  tumor  volume  whereas  combination  of  niclo 
samide  and  enzaiutamide  synergistically  decreased 
GWR22Rvl  tumors,  indicating  that  niclosamide  could 
overcome  enzaiutamide  resistance  and  restore  sensitivity 
of  GWR22Rvl  xenografts  to  enzaiutamide  in  vivo.  Repre 
sentative  tumor  samples  were  analyzed  by  IHG  for  Ki67. 
As  shown  in  Fig.  6D,  niclosamide  inhibited  Ki67  expres 
sion  whereas  combination  treatment  further  decreased 
Ki67  expression.  In  summary,  these  results  suggested  that 
niclosamide  can  improve  enzaiutamide  treatment  and 
overcome  enzaiutamide  resistance. 


{Continued.)  B,  CWR22Rv1  cells  or  C4  2B  MR  cells  were  treated  with  0.25  iimol/L  niclosamide  with  or  without  20  jimol/L  enzaiutamide  in  media  containing 
FBS  and  clonogenic  assays  were  performed.  Colony  numbers  were  counted  and  results  are  presented  as  means  ±  SD  of  2  experiments  performed 
in  duplicate.  C,  mice  bearing  CWR22Rv1  xenografts  were  treated  with  vehicle  control,  enzaiutamide,  niclosamide,  or  their  combination  for  3  weeks,  tumor 
volumes  were  measured  twice  every  week  and  the  tumors  were  collected  and  weighed.  D,  Ki67  was  analyzed  in  tumor  tissues  by  IHC  staining  and 
quantified  as  described  in  Materials  and  Methods.  *,  P  <  0.05. 
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Discussion 

Development  of  resistance  to  enzalutamide  is  even 
tually  inevitable  with  the  development  of  several  poten 
tial  pathways  of  resistance  (4,  28).  Recent  studies 
have  linked  AR  alternative  splicing,  particularly  AR  V7, 
to  the  development  of  enzalutamide  resistance  (18,  20, 
21,  29).  Targeting  of  AR  signaling,  especially  AR  var 
iants,  would  improve  current  anti  androgen  therapies 
for  advanced  prostate  cancer.  In  this  study,  we  identihed 
niclosamide  as  a  potent  AR  V7  inhibitor  in  prostate 
cancer  cells.  We  found  that  niclosamide  significantly 
inhibits  AR  V7  protein  expression  and  AR  V7  transcrip 
tion  activity  and  reduces  AR  V7  recruitment  to  the  PSA 
promoter.  Niclosamide  inhibits  prostate  cancer  cell 
growth  in  vitro  and  tumor  growth  in  vivo.  Furthermore, 
niclosamide  significantly  enhanced  enzalutamide  thera 
py  in  prostate  cancer  cells,  suggesting  that  niclosamide 
can  be  used  to  treat,  either  alone  or  in  combination 
with  current  antiandrogen  therapies,  patients  with 
advanced  prostate  cancer,  especially  those  resistant  to 
enzalutamide. 

The  potential  molecular  mechanisms  underlying  the 
development  of  resistance  to  enzalutamide  are  under  in 
tensive  investigation.  A  recent  report  showed  that  increased 
expression  of  glucocorticoid  receptor  (GR)  can  bypass  AR 
signaling  and  induces  resistance  to  enzalutamide  (30).  A 
novel  F876L  mutation  in  ARwas  also  identified  as  a  potent 
driver  of  resistance  to  enzalutamide,  and  AR  variants  such 
as  AR  V7  induced  by  NF  KB/p52  can  drive  prostate  cancer 
cells  to  develop  enzalutamide  resistance  (18  21).  We 
confirmed  increased  expression  of  AR  V7  in  both 
CWR22Rvl  and  VCaP  cells  but  not  in  LNCaP  and  C4  2 
cells.  We  demonstrated  that  overexpressing  AR  V7  in  C4  2 
cells  significantly  enhanced  the  expression  level  of  PSA.  In 
addition,  C4  2B  cells  chronically  treated  with  enzaluta 
mide  exhibited  significantly  higher  levels  of  full  length 
AR  and  AR  variants,  suggesting  that  persistent  activation 
of  signaling  by  AR  variants  is  important  during  the 
development  of  enzalutamide  resistance.  Therefore,  tar 
geting  both  full  length  AR  and  AR  variants  may  prove  to 
be  an  effective  strategy  to  treat  advanced  prostate  cancer. 
Several  compounds  have  been  recently  found  to  be  able 
to  affect  AR  variants.  The  analogs  of  EPI  001  were  devel 
oped  to  treat  CRPC,  including  those  driven  by  AR  variants 
expression  (31,  32).  Methylselenol  prodrug  methylsele 
ninic  acid  (MSA)  can  down  regulate  both  full  length  AR 
and  AR  variants  expression  (33).  A  protein  kinase  C 
(PKC)  inhibitor  Ro31  8220  was  also  shown  to  be  able 
to  down  regulate  both  full  length  AR  and  AR  variants 
(34).  In  this  study,  we  identified  niclosamide  as  a  novel 
inhibitor  of  AR  V7  and  found  that  niclosamide  reversed 
enzalutamide  resistance  in  prostate  cancer  cells  through 
inhibition  of  AR  variants.  Niclosamide  significantly 
downregulates  AR  V7  protein  expression  in  a  dose  and 
time  dependent  manner  by  protein  degradation  through 
a  proteasome  dependent  pathway.  Niclosamide  also 
inhibits  AR  V7  transcriptional  activity  and  reduces  the 
recruitment  of  AR  V7  to  the  PSA  promoter.  Enzalutamide 


effectively  blocks  the  recruitment  of  AR  but  not  of  AR  V7 
to  the  PSA  promoter,  indicating  that  enzalutamide  cannot 
inhibit  AR  V7  mediated  transcriptional  activity.  A  com 
bination  of  niclosamide  to  target  ARV7  and  enzaluta 
mide  to  target  AR  could  provide  an  ideal  strategy  to  treat 
advanced  prostate  cancer  and  prevent  the  development  of 
resistance  to  enzalutamide  driven  by  AR  variants.  This 
combination  strategy  was  validated  in  this  study  in  an 
animal  model  to  show  that  niclosamide  inhibits 
CWR22Rvl  tumor  growth  and  enhances  enzalutamide 
therapy.  These  results  may  warrant  a  combination  treat 
ment  strategy  using  niclosamide  to  improve  the  efficacy  of 
enzalutamide  therapy. 

Niclosamide  is  a  FDA  approved  anthelminthic  drug  to 
treat  tapeworm  infection  in  humans  for  about  50  years, 
and  has  rich  repository  of  pharmacokinetic  data  accumu 
lated  in  vivo.  It  has  low  toxicity  in  mammals,  with  the  oral 
median  lethal  dose  calculated  to  be  above  5,000  mg/kg 
(35).  A  single  oral  dose  of  5  mg/kg  niclosamide  in  rats 
generates  a  maximum  plasma  concentration  of  1.08 
pmol/mL  (36).  Niclosamide  has  been  recently  demon 
strated  to  exhibit  antitumor  activity  in  several  cancers 
such  as  colorectal  cancer  (37  39),  ovarian  cancer  (40), 
acute  myeloid  leukemia  (AML;  ref  41),  breast  cancer,  and 
prostate  cancer  (20).  Niclosamide  has  been  shown  to 
promote  Fzdl  endocytosis,  downregulate  Dvl2  protein, 
and  inhibit  Wnt3A  stimulated  P  catenin  stabilization  and 
downstream  p  catenin  signaling  (38).  Niclosamide  can 
also  block  TNFa  induced  iKBa  phosphorylation,  trans 
location  of  p65,  and  the  expression  of  NF  kB  regulated 
genes  (41).  Niclosamide  is  a  selective  inhibitor  of  Stat3 
and  can  overcome  acquired  resistance  to  erlotinib 
through  suppression  of  Stat3  in  non  small  cell  lung 
cancer  and  head  neck  cancer  (42,  43).  Niclosamide  can 
also  induce  autophagy  and  inhibit  mTROCl  (44  46). 
Niclosamide  treatment  in  colon  cancer  cells  inhibited 
S100A4  induced  metastasis  in  vivo  (37).  In  this  study  we 
showed  that  niclosamide  exhibits  anti  androgenic  activity 
by  inhibition  of  AR  transcriptional  activity  and  AR  V7 
expression. 

In  summary,  our  study  identified  niclosamide,  as  a  novel 
AR  V7  inhibitor  that  inhibits  prostate  cancer  cell  growth 
and  induces  apoptosis.  Niclosamide  can  inhibit  enzaluta 
mide  resistant  prostate  cancer  cell  growth  and  tumor 
growth.  Furthermore,  niclosamide  exhibits  a  synergistic 
effect  with  enzalutamide  and  resensitizes  treatment  resis 
tant  prostate  cancer  cells  to  enzalutamide  therapy.  Our 
studies  suggest  that  niclosamide  has  great  potential  as  an 
effective  and  orally  bioavailable  drug  candidate  either  as 
monotherapy  or  in  combination  with  current  antiandrogen 
therapies  for  the  treatment  of  advanced  metastatic  prostate 
cancer. 
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BACKGROUND.  Paracrine  interleukm-6  (IL-6)  can  mediate  neuroendocrine  (NE)  features, 
including  the  acquisition  of  a  neurite-like  phenofype  and  growth  arrest  in  prostate  cancer  cells. 
However,  little  is  known  about  the  mechanisms  underlying  neuroendocrine  differentiation 
induced  by  lL-6. 

METHODS.  Immunoblotting  was  performed  fo  determine  the  status  of  REl-silencing 
transcription  factor  (REST)  and  of  neuroendocrine  markers  such  as  Neuron-specific  Enolase 
(NSE),  chromogranin  A  and  synaptophysin  in  LNCaP  cells  freated  wifh  IL-6.  To  further  study 
the  impact  of  REST-mediated  repression  on  neuroendocrine  differentiation  (NED)  in  LNCaP 
cells,  either  wild-type  REST  or  a  dominant-positive  form  of  REST,  REST-VP16,  in  which  both 
repressor  domains  of  REST  were  replaced  with  the  activation  domain  of  the  herpes  simplex 
virus  protein  VP16,  was  introduced  into  LNCaP  cells. 

RESULTS.  In  this  study,  we  show  that  REST  is  suppressed  in  IL-6-induced  neuroendocrine 
differentiation  in  LNCaP  cells.  Overexpression  of  exogenous  REST  abrogafed  IL-6-induced 
NED  in  prostate  cancer  cells.  Expression  of  the  recombinant  REST-VP16  fusion  protein 
activated  REST  target  genes  and  other  neuronal  differentiation  genes  and  produced  neuronal 
physiological  properties.  In  addition,  REST  protein  turnover  was  accelerated  in  IL-6  induced 
NE  differentiated  LNCaP  cells  via  the  ubiquitin-proteasome  pathway,  accompanied  by  a 
decrease  in  the  expression  of  the  deubiquitylase  HAUSP,  indicating  that  pathway(s)  priming 
REST  degradation  may  be  involved  in  IL-6  induced  NE  differentiation. 

CONCLUSIONS.  These  results  demonstrate  that  REST  functions  as  a  major  switch  of  IL-6 
induced  neuroendocrine  differentiation  in  LNCaP  cells.  Prostate  74:1086-1094,  2014. 

©  2014  Wiley  Periodicals,  Inc. 

KEY  WORDS:  prostate  cancer;  interleukin-6;  REST;  neuroendocrine 

INTRODUCTION 

Neuroendocrine  (NE)  cells  represent  a  small  propor¬ 
tion  of  the  cell  population  in  the  developing  and  mature 
prostate  gland  epithelium  in  addition  to  basal  and 
secretory  epithelial  cells  [1].  NE  cells  are  characterized 
morphologically  by  their  neurosecretory  granules  and 
the  expression  of  NE  markers  such  as  neuron-specific- 
enolase  (NSE),  chromogranin  A  (ChgA),  synaptophysin 
(SYP)  and  tubulin,  beta  3  class  III  (TUBBS)  [1-3].  NE 
cells  express  and  secrete  a  variety  of  neuropeptides 
such  as  bombesin/ gastrin-releasing  peptides  (GRP), 
somatostatin,  calcitonin,  and  parathyroid  hormone- 
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related  peptides  [2].  These  neuropeptides  have  mito¬ 
genic  effects  which  sustain  the  growth  and  survival  of 
adjacenf  cancer  cells  and  fhus  confribufe  fo  prosfafe 
cancer  cell  proliferation.  Alfhough  NE  feafures  are  only 
defecfed  in  approximafely  4-10%  of  prosfafe  cancer 
pafienfs  af  initial  diagnosis,  40-100%  of  casfration 
resisfanf  prosfafe  cancer  (CRPC)  have  an  acquired  NE 
phenofype  evenfually  [4,5].  The  NE  phenof5q)e  is 
associafed  wifh  clinical  aggressiveness  and  resisfance  fo 
androgen  deprivation  fherapy;  fherefore,  neuroendo¬ 
crine  differentiation  (NED)  has  been  suggesfed  as  a 
marker  of  poor  prognosis  for  prosfafe  cancer. 

Inferleukin-6  (IL-6)  has  been  shown  fo  play  a  role  in 
modulafing  growfh  and  differenfiafion  in  many  cancer 
fypes  including  prosfafe  cancer  [6,7].  The  consfifufive 
expression  of  IL-6  and  ifs  receptor  has  been  demon- 
sfrafed  in  human  prosfafe  cancer  cell  lines  as  well  as 
clinical  prosfafe  cancer  specimens  [8].  Many  sfudies 
have  demonsfrafed  fhaf  IL-6  is  elevafed  in  sera  of 
pafienfs  wifh  casfration  resisfanf  prosfafe  cancer  com¬ 
pared  fo  normal  confrols,  benign  prosfafic  h5q)erplasia, 
and  localized  prosfafe  cancer  [9,10].  IL-6  acfivafes  AR 
fargef  genes  fhrough  activation  of  fhe  STATS  pafh- 
way  [11,12].  IL-6  can  also  function  as  a  paracrine 
growfh  factor  in  androgen-sensifive  LNCaP  cells, 
inducing  growfh  arresf  and  neuroendocrine  differenfi¬ 
afion  (NED)  [6].  However,  little  is  known  abouf  fhe 
mechanisms  underlying  IL-6-induced  neuroendocrine 
differenfiafion  in  prosfafe  cancer  cells. 

REl -silencing  franscripfion  factor  (REST)  is  a  main 
negative  regulator  of  neurogenesis  which  binds  fo 
conserved  DNA  sequences,  REl  sites,  fo  repress  expres¬ 
sion  of  neuroendocrine  genes  [13].  REST  is  expressed 
largely  in  non-neuronal  cells  fo  block  fhe  expression  of 
neuronal  genes.  However,  recenfly  reduced  levels  of 
REST  acfivify  were  foimd  in  human  small  cell  limg 
cancer  (SCLC)  samples  as  well  as  esfablished  SCLC  cells 
expressing  neuroendocrine  markers  [14].  Blockade  of 
REST  using  RNAi  in  human  mammary  epifhelial  cells 
was  found  fo  resulf  in  a  fransformafion  phenofype,  and 
growfh  in  an  anchorage-independenf  manner  [15].  In  a 
recenf  sfudy  investigating  fhe  molecular  signafure  of 
castiafion-resisfanf  neuroendocrine  prosfafe  cancer,  re¬ 
duced  expression  of  REST  was  foimd  fo  be  associafed 
wifh  up-regulafion  of  a  neuronal  signafure  in  clinical 
NE  prosfafe  cancer  samples  [16].  In  fhe  currenf  sfudy, 
we  demonsfrafe  fhaf  REST  fimcfions  as  a  critical  regula¬ 
tor  of  IL-6-induced  NE  differenfiafion  in  LNCaP  cells. 

MATERIALS  AND  METHODS 
Cell  Culture  and  Reagents 

LNCaP  cells  were  cultured  in  RPMI-1640  medium 
containing  10%  complete  fetal  bovine  serum  (PBS)  and 


penicillin/ streptomycin.  All  the  experiments  in  this 
study  were  performed  in  PBS  condition.  Cells  were 
maintained  at  37°C  in  a  humidified  incubator  with 
5%  CO2.  LNCaP  passage  numbers  <30  were  used 
throughout  the  study.  rhIL-6  was  purchased  from 
R&D  Systems  (Mirmeapolis,  MN). 

Plasmids  and  Cell  Transfection 

The  pcDNA3.1-REST  and  pcDNA3.1-REST-VP16 
plasmids  were  kind  gifts  from  Dr.  Hsing-Jien  Kung 
(UC  Davis,  CA).  Por  transfection  studies,  cells  were 
transiently  transfected  with  expression  plasmids  using 
Attractene  transfection  reagent  according  to  the  manu¬ 
facturer's  procedure  (QIAGEN). 

Preparation  of  Whole-Cell  Extracts 

Wells  were  harvested,  washed  with  cold  PBS  twice, 
and  lysed  in  high-salt  buffer  10  mM  HEPES  (pH  7.9), 
250  mM  NaCl,  1%  NP-40,  1  mM  EDTA  with  protease 
inhibitors  (Roche,  Basel,  Switzerland).  Total  protein 
concentrations  in  the  lysates  were  determined  with 
the  Coomassie  Plus  Protein  Assay  Reagent  (Pierce, 
Rockford,  IL). 

Western  Blot  Analysis 

Anti-REST  (Cat#07-579,  Millipore,  1:1,000),  anti- 
HAUSP  (ab4080.  Abeam,  1:1,000),  anti-NSE  (MAB324, 
Millipore,  1:1,000),  anti-S5maptophysin  (sc-9116;  Santa 
Cruz;  1:1,000),  anti-chromogranin  A  (sc-13090;  Santa 
Cruz;  1:1,000),  |3-TrCP(H-300)  (sc-15354;  Santa  Cruz; 
1:1,000),  anti-a-Tubulin  (T5168;  Sigma-Aldrich;  1:5,000) 
were  used  as  primary  antibodies  in  western  blot 
analysis.  Equal  amounts  of  cell  protein  extracts  were 
loaded  on  8%  or  10%  SDS-PAGE,  and  proteins  were 
transferred  to  nitrocellulose  membranes.  After  block¬ 
ing  in  5%  non-fat  milk  in  1  x  PBS/ 0.1%  Tween-20  at 
room  temperature  for  Ihr,  membranes  were  washed 
three  times  with  1  x  PBS/ 0.1%  Tween-20.  The  mem¬ 
branes  were  incubated  overnight  with  primary  anti¬ 
bodies  at  4°G.  Proteins  were  visualized  using  the 
enhanced  chemi-luminescence  kit  (Millipore)  after 
incubation  with  the  appropriate  horseradish  peroxi¬ 
dase-conjugated  secondary  antibodies. 

Real-Time  Quantitative  RT-PCR 

Total  RNA  was  extracted  using  TRIzol  (Invitrogen, 
Garlsbad,  GA)  reagent.  One  microgram  RNA  was 
digested  by  RQl  DNase  (Promega,  Madison,  WI).  The 
resulting  product  was  reverse  transcribed  with  ran¬ 
dom  primers  by  Im-Prom*^  Reverse  transcriptase 
(Promega).  The  newly  S5mthesized  cDNA  was  used  to 
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perform  real-time  PCR.  The  reaction  mixture  contained 
4  (jlI  cDNA  template  and  0.5  |xM  specific  primers  for 
REST  (Forward:  5'-CGC  CAT  GCA  AGA  GAG  GTT 
GAG  AAT-3';  Reverse:  5'-AGCTGC  ATAGTC  AGA 
TAG  AGG  GCA-3'),  HAUSP(Forward:  5'-ACT  TTG 
AGC  GAG  AGG  CCG  GTA  ATA-3';  Reverse:  5'-GCC 
TTG  AAC  AGA  CCA  GCT  TGG  AAA-3')  and  TUBB3 
(Forward:  5'-ATC  AGC  AAG  GTG  CGTGAGGAGTAT- 
3';  Reverse:  5'-TCG  TTG  TGG  ATG  GAG  TAG  GTG 
TCA-3').  GAPDH  primers  were  used  as  an  internal 
control.  The  expression  levels  of  REST,  HAUSP,  and 
TUBB3  were  normalized  to  GAPDH.  The  experiments 
were  repeated  three  times  with  triplicates. 


A/G-agarose  for  3  hr  at  4°C,  washed  with  high-salt 
buffer,  eluted  with  SDS  sample  buffer  by  boiling  for 
10  min,  resolved  on  SDS-PAGE,  and  transferred  to 
nitrocellulose  membranes.  Ubiquitin-conjugated  REST 
was  visualized  by  blotting  the  membranes  with  anti- 
ubiquitin  antibodies  (sc-8017;  Santa  Cruz;  1:1,000). 

Statistical  Analyses 

All  data  are  shown  as  means  ±SD.  Differences 
between  multiple  groups  were  analyzed  by  one-way 
ANOVA  followed  by  the  Scheffe  procedure  for  com¬ 
parison  of  means.  P  <  0.05  was  considered  significant. 


REST  Protein  Stability  Assay 

Equal  numbers  of  LNCaP  cells  were  plated  in  six- 
well  plates  and  treated  with  or  without  20ng/ml  IL-6 
for  3  days.  Cells  were  then  treated  with  50|JLg/ml 
cycloheximide  for  0,  20,  40,  60,  120,  and  270  min. 
Whole  cell  proteins  were  collected  in  high  salt  buffer 
containing  10  mM  HEPES  (pH  7.9),  250  mM  NaCl, 
1%  NP-40,  ImM  EDTA  with  the  addition  of  protease 
inhibitors  (Roche).  Equal  amounts  of  protein  were  run 
on  8%  SDS-PAGE  and  probed  with  anti-REST  anti¬ 
body  (Cat#07-579,  MiUipore,  1:1,000)  or  anti-tubulin 
antibody  (Sigma)  as  internal  control. 

Ubiquitination  Assay 

MG  132  was  used  to  block  proteasome-mediated 
degradation  of  ubiquitin-conjugated  proteins.  LNCaP 
cells  were  treated  with  or  without  20ng/ml  IL-6  for 
3  days  and  then  with  5  q.M  MG  132  for  another  4  hr. 
Cells  were  lysed  in  a  buffer  containing  10  mM  HEPES 
(pH  7.9),  250 mM  NaCl,  1%  NP-40,  ImM  EDTA  with 
the  addition  of  protease  inhibitors  (Roche).  The  whole- 
cell  lysates  (200  |xg  total  protein)  were  incubated 
overnight  with  2  pg  antibodies  against  REST  (Cat#07- 
579,  MiUpore)  or  normal  rabbit  IgG  (sc-2072;  Santa 
Cruz),  with  constant  rotation  at  4°C.  The  immunopreci- 
pitates  were  collected  by  incubation  with  30  pi  protein 


RESULTS 

Interleukin-6  Induces  NE  Differentiation  in 
LNCaP  Cells 

IL-6  has  been  shown  to  be  a  paracrine  factor  that 
inhibits  the  growth  of  LNCaP  cells  and  induces  neuroen¬ 
docrine  differentiation  [6].  To  further  examine  this  effect, 
LNCaP  cells  were  treated  with  or  without  20ng/ml  IL-6 
for  7  days.  During  the  course  of  the  IL-6  treatment,  we 
observed  a  significant  acquisition  of  neuroendocrine 
morphological  changes  in  LNCaP  cells,  including  irregu¬ 
lar  dendrite-like  phenotype  and  neuritic  branching  and 
extension  (Fig.  1  A).  The  protein  levels  of  neuroendocrine 
markers  NSE  and  synaptophysin  were  increased  in  IL-6 
treated  LNCaP  cells  compared  with  control  (Fig.  IB). 
These  results  confirmed  that  paracrine  IL-6  induces 
neuroendocrine  differentiation  in  LNCaP  cells,  featuring 
neuroendocrine  morphological  characteristics  and  higher 
levels  of  neuroendocrine  markers. 

REST  Is  Down-Regulated  in  Neuroendocrine 
Differentiation 

REl-silencing  transcription  factor  (REST) /neuron- 
restrictive  silencing  factor  (NRSF)  is  a  DNA-binding 
protein  and  has  been  found  to  be  responsible  for  silenc¬ 
ing  the  transcription  of  most  neuronal  differentiation 


B 
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Fig.  I.  IL  6  induced  neuronal  like  morphology  and  neuroendocrine  differentiation  in  LNCaP  cells.  A:  LNCaP  cells  were  Incubated  with  or 
without  20  ng/ml  IL  6  for  7  days.  Arrows  show  neuritic  branching  and  extension.  B;  Cell  lysates  were  resolved  by  SDS-PAGE  and  probed  with 
anti  NSE,  anti  synaptophysin,  or  anti  tubulin  antibodies. 
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genes  by  binding  to  a  21-bp  consensus  sequence  (REl 
binding  site),  which  is  present  at  the  upstream  promot¬ 
er-enhancer  region  of  these  genes  [13].  Recently,  re¬ 
duced  expression  of  REST  and  associafed  up-regulafion 
of  a  neuronal  signafure  was  observed  in  50%  of  fumors 
wifh  a  NED  componenf,  including  prosfafe  cancer 
[4,17],  In  order  fo  examine  fhe  role  of  REST  in  IL-6 
induced  NED,  whole  cell  exfracfs  were  collecfed  from 
LNCaP  cells  freafed  wifh  or  wifhouf  20ng/ml  IL-6  af 
differenf  fime  poinfs  and  fhe  profein  expression  of 
REST  was  analyzed  by  Wesfem  blotting.  The  levels  of 
REST  expression  were  significanfly  downregulafed  in 
IL-6  freafed  LNCaP  cells  in  a  fime-dependenf  manner 
(Pig.  2A).  The  loss  of  REST  expression  was  correlafed 
wifh  loss  of  AR  expression  (Pig.  2A),  consisfenf  wifh 
earlier  reporfs  which  showed  fhaf  loss  of  AR  expression 
was  accompanied  wifh  fhe  acquisition  of  a  NE  pheno- 
fype  [16,18].  To  furfher  confirm  fhis  resulf,  LNCaP  cells 
were  freafed  wifh  differenf  concenfrafions  of  IL-6  for 
4  days  and  fhe  profein  expression  of  REST  was 
analyzed.  As  shown  in  Pigure  2B,  REST  expression  was 
significanfly  suppressed  by  IL-6  in  a  dose-dependenf 
manner. 


REST  Is  the  Major  Switch  of  IL6-lnduced  NED  in 
LNCaP  Cells 

Having  identified  the  downregulation  of  REST  in 
IL-6-induced  NE  differentiation  in  LNCaP  cells,  we 


Fig.  2.  REST  level  is  downregulated  in  LNCaP  cells  treated  with 
IL  6.  A:  LNCaP  cells  were  treated  with  20  ng/ml  IL  6  for  different 
time  points  as  indicated.  B:  LNCaP  cells  were  treated  with  IL  6  at 
different  concentrations  as  indicated  for  4  days.  Cell  lysates  were 
resolved  on  SDS-PAGE  and  probed  with  antibodies  as  indicated. 


next  examined  whether  REST  functionally  mediates 
IL-6-induced  NE  differentiation.  We  expressed  either  a 
wild-t5q)e  REST  or  a  dominant-positive  recombinant 
transcription  factor  REST-VP16,  in  which  both  repres¬ 
sor  domains  of  REST  were  replaced  with  the  activation 
domains  of  herpes  simplex  virus  protein  VP16, 
in  LNCaP  cells  (Pig.  3A).  REST-VP16  has  been  shown 
to  cause  activation  of  REST  target  genes  instead  of 
repressing  [13,19].  As  shown  in  Pigure  3B,  IL-6 
induced  NE  phenot5q)e  in  LNCaP  cells,  while  over¬ 
expression  of  the  wild-type  REST  protein  abolished 
the  neuronal  morphological  changes  induced  by  IL-6. 
Purthermore,  elevated  levels  of  NED  markers  such  as 
NSE  and  synaptophysin  induced  by  IL-6  were  also 
inhibited  by  REST  overexpression,  indicating  that 
expression  of  exogenous  REST  abrogated  IL-6  induced 
NED  in  LNCaP  cells.  In  contrast,  overexpression  of  the 
dominant  positive  REST-VP16  in  LNCaP  cells  induced 
NED  and  further  enhanced  IL-6  induced  NED 
(Pig.  3C,  left  panel).  REST-VP16  overexpression  also 
increases  the  expression  of  S5maptophysin  and  ChgA 
in  either  the  presence  or  absence  of  IL-6  (Pig.  3C,  right 
panel).  These  results  demonstrated  that  REST  func¬ 
tions  as  a  major  switch  of  IL-6-induced  neuroendo¬ 
crine  differentiation. 


IL-6  Decreases  REST  Protein  Stability  by 
Enhancing  Protein  Degradation 

To  determine  the  mechanism  through  which  IL-6 
regulates  REST  expression,  we  determined  the  REST 
messenger  RNA  levels  in  LNCaP  cells  treated  with 
20  ng/ml  IL-6  for  7  days.  Compared  to  a  significant 
reduction  of  protein  levels,  the  REST  mRNA  levels  did 
not  exhibit  any  downregulation  in  response  to  IL-6 
treatment  (Pig.  4A).  This  indicated  that  IL-6  may 
regulate  REST  expression  at  the  post-transcriptional 
level.  We  next  examined  the  effect  of  IL-6  on  REST 
protein  degradation  after  new  protein  S5mthesis  was 
blocked  by  cycloheximide  (50  pg/ml).  Protein  extracts 
were  collected  at  different  time  points,  and  the  protein 
levels  of  REST  were  analyzed  by  Western  blot 
(Pig.  4B).  As  shown  in  Pigure  4C,  the  half-life  of  REST 
protein  in  LNCaP  cells  was  reduced  from  120  to 
<40  min  compared  to  the  control  cells  after  3  days 
treatment  with  IL-6,  suggesting  that  degradation  of 
REST  protein  was  greatly  enhanced  by  IL-6  treatment. 


IL-6  Enhances  REST  Protein  DegradationThrough 
the  Ubiquitin-Proteasome  Pathway 

Since  REST  protein  degradation  was  accelerated  by 
IL-6,  we  examined  whether  IL-6  induced  REST  protein 
degradation  is  associated  with  ubiquitination.  We 
treated  LNCaP  cells  with  20  ng/ml  IL-6  for  3  days 
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Fig.  3.  REST  regulates  IL  6  induced  NE  differentiation.  A:  Schematic  structures  of  wild  type  REST  (upper)  and  RESTVPI6  (bottom). 
LNCaP  cells  were  transfected  with  pcDN  A3. 1  REST  (B)  or  pcDNA3. 1  REST  VPI 6  (C )  for  48  hr  and  were  treated  with  or  without  20  ng/ml  IL 
6  for  another  6  days.  Arrows  show  neuritic  branching  and  extensions.  Cell  lysates  were  resolved  by  SDS-PAGE  and  probed  with  antibodies 
against  NSE,  synaptophysin,  REST,ChgA,  and  tubulin. 


followed  by  the  proteasome  inhibitor  MG132  (10  p.M) 
for  4  hr.  As  shown  in  Figure  5A,  the  ubiquitination  of 
REST  was  increased  in  cells  treated  with  IL-6.  These 
data  suggest  that  REST  protein  degradation  induced 
by  IL-6  is  mediated  by  the  ubiquitin-proteasome 
mechanism. 

As  a  critical  transcription  factor  in  regulating  neuro¬ 
nal  differentiation,  REST  protein  is  regulated  in  a 
"Ying-Yang"  control  model  by  both  deubiquitylation 
and  ubiquitylation  systems  [20].  The  E3  ubiquitin 
ligase  complex  SCE-(3-TrCP  is  the  key  player  in  post- 
translational  regulation  of  REST  protein  [21].  Howev¬ 
er,  IL-6  treatment  failed  to  change  the  protein  levels  of 
SCE-|3-TrCP  in  IL-6  induced  NED  in  LNCaP  cells,  even 


though  the  levels  of  REST  protein  were  significantly 
reduced  (Eig.  5B),  indicating  that  SCE-(3-TrCP  was  not 
the  critical  regulator  associated  with  IL-6  induced 
NED.  Recently,  Huang  et  al.  [20]  have  demonstrated 
that  the  deubiquitylase  HAUSP  counter  balances 
REST  ubiquitylation  and  that  downregulation  of 
HAUSP  decreases  REST  expression  and  induces  neu¬ 
ronal  differentiation.  Therefore,  we  examined  the 
mRNA  levels  of  HAUSP  in  IL-6  treated  LNCaP  cells. 
Although  the  mRNA  levels  of  REST  did  not  change, 
the  nrRNA  levels  of  HAUSP  were  significantly  re¬ 
duced  by  IL-6  treatment  (Pig.  5C),  in  accordance  with 
the  elevated  levels  of  TUBB3  mRNA,  another  neuroen¬ 
docrine  marker.  In  addition,  the  protein  levels  of 
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Fig.  4.  REST  protein  turnover  is  accelerated  in  IL  6  induced  NE  differentiation.  LNCaP  cells  were  treated  with  or  without  20  ng/ml  IL  6 
for  7  days.  A:  REST  mRNA  level  was  quantified  relative  to  GAPDH  by  reai  time  RT  PCR.  B:  The  protein  synthesis  inhibitor  cycloheximide 
(50  p,g/mi)  was  added  at  time  0.  At  specific  time  points,  cells  were  harvested,  and  cell  lysates  were  prepared.  REST  protein  levels  were  deter 
mined  by  Western  blot  analysis  using  antibody  specifically  against  REST  and  normaiized  to  tubulin  control.  C:The  levels  of  REST  protein 
were  quantified  and  normalized  to  the  amount  of  tubulin.  REST  protein  turnover  was  determined  by  comparing  REST  protein  levels  over  time 
in  cells  treated  with  or  without  IL  6. 


HAUSP  in  IL-6  treated  LNCaP  cells  were  also  ana¬ 
lyzed  by  Western  blotting.  IL-6  treatment  significantly 
downregulated  HAUSP  protein  expression  (Fig.  5D). 
Collectively,  these  data  suggest  that  IL-6  enhances 
REST  protein  degradation  through  a  ubiquitin-protea- 
some-mediated  mechanism  accompanied  by  a  de¬ 
crease  in  the  expression  of  the  deubiquitylase  HAUSP. 

DISCUSSION 

Neuroendocrine  prostate  cancer  (NEPC)  is  an  ag¬ 
gressive  type  of  prostate  cancer  and  is  associated  with 
disease  progression  and  resistance  to  androgen  depri¬ 
vation  therapy  [1,4,5].  Multiple  pathways  involved  in 
NE  differentiation  of  prostate  cancer  cells  have  been 
elucidated.  Androgen  depletion  [1,2],  cAMP  and  its 
agonists  ]22],  cytokines  such  as  IL-1(3  and  IL-6  treat¬ 
ment  [7,22,23]  are  all  shown  to  be  able  to  induce  NE 
differentiation  in  prostate  cancer  cells  through  differ¬ 
ent  cell  signaling  pathways.  IL-6  can  fimction  as  a 
paracrine  factor  to  induce  NE  differentiation  and 


growth  arrest  in  LNCaP  cells.  However,  the  underly¬ 
ing  molecular  mechanism  is  not  fully  elucidated 
although  STATS  is  proposed  as  the  mediator  within 
this  process  [23].  In  this  study,  we  demonstrated  that 
REST,  which  is  responsible  for  silencing  the  transcrip¬ 
tion  of  many  NE  differentiation  genes,  is  suppressed 
in  IL-6-induced  NE  differentiation.  In  addition,  we 
demonstrated  that  suppression  of  REST  by  IL-6  is 
through  the  ubiquitin-proteasome  pathway  accompa¬ 
nied  by  a  decrease  in  deubiquitylase  HAUSP  gene 
expression,  indicating  that  pathway(s)  priming  REST 
degradation  may  be  involved  in  IL-6  induced  NE 
differentiation. 

REST,  also  known  as  NRSE  (neural-restrictive 
silencing  factor),  binds  to  a  21-bp  DNA  element  (REl) 
within  the  promoter  region  of  target  genes.  Genes 
(>1,300)  containing  the  REl  sequence  have  been 
identified  which  encode  proteins  playing  crucial  roles 
in  cellular  functions  ]17].  Abnormal  expression  of 
REST  has  been  reported  to  correlate  with  several 
forms  of  cancer.  REST  has  been  attributed  a  tumor 
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Fig.  5.  IL  6  enhances  REST  degradation  through  the  ubiquitin  proteasome  pathway.  A:  LNCaP  cells  were  treated  with  or  without  20  ng/ 
ml  IL  6for  3  days  and  then  treated  with  or  without  5  p,M  MG  1 32  for  4  hr. Whole  cell  lysates  were  precipitated  with  antibodies  against  RESTor 
normal  rabbit  IgG. The  resulting  eluates  were  blotted  with  antibodies  specifically  against  ubiquitin.  B:  LNCaP  cells  were  treated  with  or  with 
out  20  ng/ml  IL  6  for  7  days,  and  the  protein  levels  of  REST  and  (3  TrCP  were  analyzed  using  specific  antibodies.  LNCaP  cells  were  treated 
with  20  ng/ml  IL  6  Oand  7  days,  (C )  and  the  m  RN  A  levels  of  REST,  HAUSP  and  TUBB3  were  measured  by  realtime  RT  PCR,  (D)  and  the  protein 
levels  of  REST,  HAUSP  were  analyzed  by  Western  blot  analysis  using  specific  antibodies. 


suppressor  function  in  breast  cancer,  and  its  expression 
is  reduced  with  aggressiveness  rn  breast  cancer  [15]. 
Interestingly,  a  SCLC-specific  isoform  of  REST,  which 
antagonizes  REST-mediated  neuroendocrine  gene 
expression,  promoted  tumor  aggressiveness  and 
neuronal  phenotype  in  SCLCs  [14].  In  colon  cancer, 
the  loss  of  REST  expression  confers  a  survival 
benefit  during  the  progression  of  tumor  cells  [24].  A 
recent  molecular  sequence  study  of  neuroendocrine 
prostate  cancer  revealed  the  downregulation  of  REST 
and  upregulation  of  REST-repressed  genes  within 
the  neuroendocrine  prostate  cancer  component  rn 
patient  samples  ]16].  REST  inactivation  regulates 
androgen  deprivation-  or  enzalutamide-induced,  as 
well  as  h5q)oxia-rnduced  neuroendocrine  differentia¬ 
tion  in  prostate  cancer  cells  [25,26].  These  reports  are 


consistent  with  our  results  showing  that  REST  is 
downregulated  in  IL-6  induced  NE  differentiation, 
and  overexpression  of  REST  abolishes  such  effects.  SI 7 
is  the  LNCaP  cell  line  stably  expressing  IL-6.  We  also 
tested  the  REST  levels  upon  IL-6  treatment,  however, 
exogenous  IL-6  did  not  affect  REST  protein  expression 
in  S17  cells  (impublished  data).  These  results  agree 
with  a  previous  study  ]7]  that  S17  cells  are  resistant  to 
exogenous  IL-6-tnduced  NE  differentiation  due  to 
increased  CIS/SOCS7  that  blocks  activation  of  JAK2/ 
STATS  pathway.  Together,  these  results  suggest  that 
REST  fimctions  as  the  major  switch  of  IL-6  induced 
NE  differentiation  in  prostate  cancer  cells. 

Our  results  showed  that  although  REST  mRNA 
levels  were  unchanged,  protein  levels  were  reduced 
by  IL-6  treatment  in  prostate  cancer  cells  possibly 
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through  a  ubiquitin-proteasome  mechanism.  REST 
protein  level  is  delicately  regulated  by  a  "Ying-Yang" 
control  model  at  the  post-transcriptional  level  by  both 
deubiquitylation  and  ubiquitylation  as  proposed  by 
Huang  et  al.  [20].  The  herpes  simplex  virus  associated 
ubiquitin-specific  protease  (HAUSP),  also  known 
as  the  ubiquitin-specific  protease  7  (USP7)  is  the 
key  deubiquitylase  responsible  for  sfabilizafion  of 
REST  [20].  We  showed  fhaf  HAUSP  levels  were  down- 
regulafed  by  IL-6,  suggesfing  fhaf  fhe  increase  in  REST 
degradafion  in  IL-6-induced  NED  may  be  fhrough  loss 
of  HAUSP,  which  desfabilizes  REST  profein  leading  fo 
degradafion. 

In  conclusion,  we  described  REST  loss  as  a  novel 
mechanism  responsible  for  IL-6  induced  NE  differenfi- 
afion  in  LNCaP  cells.  In  addition,  REST  downregula- 
fion  is  regulafed  af  posf-franscripfional  level  by  IL-6 
fhrough  ubiquifin-profeasome  mechanisms,  probably 
fhrough  loss  of  HAUSP. 
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Abstract 


Cancer  cells  reprogram  their  metabolic  pathways  to  facilitate  fast  proliferation.  Previous 
studies  have  shown  that  overexpression  of  NF-KB2/p52  (p52)  in  prostate  cancer  cells 
promotes  cell  growth  and  leads  to  castration  resistance  through  aberrant  activation  of 
androgen  receptor  (AR).  In  addition,  these  cells  become  resistant  to  enzalutamide.  In  this 
study,  we  investigated  the  effects  of  p52  activation  on  glucose  metabolism  and  on  response 
to  enzalutamide  therapy.  Data  analysis  of  gene  expression  arrays  showed  that  genes 
induding  GLUT1  I^LCZAI),  PKM2,  G6PD,  and  ME1  involved  in  the  regulation  of  glucose 
metabolism  were  altered  in  LNCaP  cells  overexpressing  p52  compared  with  the  parental 
LNCaP  cells.  We  demonstrated  an  increased  amount  of  glucose  flux  in  the  glycolysis 
pathway,  as  well  as  the  pentose  phosphate  pathway  (PPP)  upon  p52  activation.  The 
p52 -overexpressing  cells  increase  glucose  uptake  and  are  capable  of  higher  ATP  and  lactate 
production  compared  with  the  parental  LNCaP  cells.  The  growth  of  p52 -overexpressing  cells 
depends  on  glucose  in  the  culture  media  and  is  sensitive  to  glucose  deprivation  compared 
with  the  parental  LNCaP  cells.  Targeting  glucose  metabolism  by  the  glucose  analog 
2-deoxy-D-glucose  synergistically  inhibits  cell  growth  when  combined  with  enzalutamide, 
and  resensitizes  p52-overexpressing  cells  to  enzalutamide  treatment  These  results  suggest 
that  p52  modulates  glucose  metabolism,  enhances  glucose  flux  to  glycolysis  and  PPPs,  thus 
facilitating  fast  proliferation  of  the  cells.  Co-targeting  glucose  metabolism  together  with  AR 
axis  synergistically  inhibits  cell  growth  and  restores  enzalutamide-resistant  cells  to 
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Introduction 

As  the  second  leading  cause  of  cancer-related  death 
among  men  in  the  United  States,  prostate  tumors  respond 
to  androgen  deprivation  therapy  initially;  however,  after 


time,  relapse  occurs  and  develops  into  a  lethal  form 
of  disease,  termed  castration-resistance  prostate  cancer 
(CRPC;  Chen  et  al.  2004,  Harris  et  al.  2009).  The  NF-kB 
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family  has  been  identified  as  an  important  mediator 
in  many  cancer-causing  processes.  The  family  consists 
of  five  members:  RelA/p65,  NF-icBl/pSO,  c-Rel,  RelB, 
and  NF-KB2/p52,  in  which  p65/p50  heterodimer  and 
RelB/p52  heterodimer  are  involved  in  the  canonical  and 
non-canonical  NF-kB  pathways  respectively  (Fan  & 
Maniatis  1991,  Betts  &  Nabel  1996,  Lin  et  al.  1998, 
Karin  &  Greten  2005).  The  non-canonical  pathway  that 
involves  the  processing  of  NF-kB2  plOO  to  p52  is 
inducible  and  tightly  regulated  (Xiao  et  al.  2001a, b, 
Xiao  et  al.  2004,  Nadiminty  et  al.  2006).  Overproduction 
of  p52  from  plOO  causes  hyperplastic  growth  in  the  liver, 
lymphocytes,  and  mammary  glands  of  mice  (Ishikawa 
et  al.  1997,  Connelly  etal.  2007).  In  several  solid  tumors, 
including  breast  and  prostate,  overproduction  of  p52  has 
been  observed  (Cogswell  et  al.  2000,  Lessard  et  al.  2006). 
In  previous  studies,  we  have  shown  that  NF-KB2/p52 
induces  castration-resistant  growth  in  prostate  cancer 
cells  through  aberrant  activation  of  androgen  receptor 
(AR)  (Nadiminty  et  al.  2008,  2010fl).  In  addition,  p52- 
overexpressing  cells  are  resistant  to  enzalutamide,  a 
newly  approved  anti-androgen  drug  for  CRPC  patients 
(Tran  et  al.  2009,  Nadiminty  et  al.  2013).  Yet,  the  effect 
of  p52  on  cellular  metabolism  has  not  previously 
been  studied. 

Different  from  highly  differentiated  normal  cells, 
cancer  cells  reprogram  their  metabolism  to  facilitate  fast 
proliferation.  One  typical  feature  is  known  as  the 
‘Warburg  effect’,  also  called  aerobic  glycolysis,  where 
cancer  cells  mainly  depend  on  glycolysis  for  their  energy 
production  in  the  presence  of  oxygen  (Warburg  1956). 
This  process  produces  far  less  energy  than  that  oxidative 
phosphorylation  exhibited  in  normal  cells;  however,  it 
produces  more  intermediate  products  for  anabolic  build¬ 
ing  blocks  and  much  less  oxidative  stress  to  keep  the 
redox  balance  (Cairns  et  al.  2011,  Vander  Heiden  2011, 
DeBerardinis  &  Thompson  2012,  Teicheretu/.  2012).  It  has 
been  reported  that  metabolic  enzymes  such  as  pyruvate 
kinase  can  be  alternatively  spliced  to  isoform  M2,  which 
supports  anabolic  growth  and  promotes  tumorigenesis 
(Christofk  et  al.  2008a,  Sun  et  al.  2011).  Activation  of 
many  oncogenes,  such  as  PI3K  {PIK3CA),  AKT,  tnTORCl, 
and  MYC,  can  also  impact  metabolism  of  mitochondria 
(Berwick  et  a/.  2002,  Buzzai  etal.  2005,  Hatzivassiliou  et  a/. 
2005,  Cunningham  et  al.  2007). 

In  this  study,  we  demonstrated  through  gene 
expression  array  data  analysis  that  genes  involved  in 
glucose  metabolic  pathways  in  p52-overexpressing 
LNCaP  cells  were  upregulated.  Further  analysis  on 
glucose  metabolism  revealed  enhancements  in  both  the 
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glycolysis  and  pentose  phosphate  pathways  (PPPs) 
accompanied  by  higher  glucose  consumption  and  lactate 
production.  Moreover,  targeting  glucose  metabolism  by 
glucose  analog  2-deoxy-D-glucose  (2-DG)  resensitized 
p52-overexpressing  prostate  cancer  cells'  response  to 
enzalutamide. 

Materials  and  methods 

Cell  culture  and  reagents 

LNCaP  and  C4-2B  cells  were  cultmed  in  RPMI-1640 
medium  supplemented  with  10%  fetal  bovine  serum 
(FBS),  100  units/ml  penicillin,  and  0.1  mg/ml  strepto¬ 
mycin  and  maintained  at  37  “C  in  a  humidified  incubator 
with  5%  CO2.  LNCaP-neo  and  LNCaP-p52  stable  cells  are 
generated  as  described  previously  (Nadiminty  et  al. 
2010b).  C4-2B  MDVR  cells  were  generated  by  culturing 
C4-2B  cells  in  media  containing  20  nM  enzalutamide  until 
the  cells  became  resistant  to  enzalutamide  as  described 
previously  (Nadiminty  et  al.  2013).  The  cells  were  seeded 
in  24-well  plates  and  treated  with  20  4M  enzalutamide 
and/or  1  mM/2  mM  2-DG  after  24  h.  After  48  72  h  of 
treatment,  they  were  counted  and  harvested;  medium 
was  collected  for  glucose  consumption,  lactate  produc¬ 
tion,  and  PSA  concentration  assays.  2-DG  was  purchased 
from  Sigma  Aldrich.  ATP  assay  kit  was  purchased  from 
PerkinElmer  (Santa  Clara,  CA,  USA).  Glucose  consump¬ 
tion,  lactate  production,  pyruvate  kinase  activity,  and 
NADPH/NADP  assay  kits  were  all  purchased  from  Bio¬ 
vision  (Milpitas,  CA,  USA).  PSA  ELISA  kit  was  purchased 
from  Abnova  (Walnut,  CA,  USA). 

Microarray  pathway  analysis 

Metabolic  pathways  of  NF-KB2/p52  were  analyzed  using 
Ingenuity  Pathway  Analysis  Softwcue  (Ingenuity).  This 
method  uses  gene  identities  in  conjunction  with  con¬ 
trolled,  vocabulary-based  data  mining  of  literature  associ¬ 
ations,  protein  protein  interaction  databases,  and  a 
metabolism  pathway  database. 

Preparation  of  whole-cell  extracts 

Cells  were  washed  twice  with  PBS  and  lysed  for  20  min  on 
ice  with  cell  lysis  buffer  containing  10  mM  HEPES,  pH  7.9, 
250  mM  NaCl,  1  mM  EDTA,  1%  NP-40,  supplemented 
with  1  mM  dithiothreitol,  1  mM  phenylmethylsulphonyl 
fluoride,  5  mM  NaF,  1  mM  Na3V04,  and  protease 
inhibitors  (Roche). 
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Western  blot  analysis 

The  cell  extracts  were  obtained  and  separated  by  SDS 
PAGE  and  the  proteins  transferred  onto  nitrocellulose 
membranes.  The  membranes  were  blocked  by  5%  non-fat 
milk  in  PBS/0.05%Tween-20,  followed  by  probing  with 
appropriate  primary  and  secondary  antibodies. 

Cell  transfection 

CWR22Rvl  cells  were  transiently  transfected  with  HA 
tag-labeled  p52  plasmid.  The  cells  were  plated  at  density  of 
iXlO^/ml  1  day  before  transfection,  which  was  done  by 
Attractene  (Qiagen)  following  the  manufacturer's  instruction. 

Measurement  of  ATP  production,  glucose  consumption, 
and  lactate  production 

ATP  levels  in  the  cell  lysate  were  determined  by 
luminescence-based  assay  kit  (ATPlite;  PerkinElmer) 
according  to  the  manufacturer's  instruction.  The  cells 
were  seeded  in  the  culture  dishes  and  the  medium  was 
changed  after  12  h.  The  culture  medium  was  collected  for 
the  measurement  of  glucose  and  lactate  concentration 
after  24  48  h.  Glucose  levels  were  determined  by 
comparing  difference  in  the  collected  medium  and  fresh 
medium  using  a  glucose  assay  kit  (Biovision).  Lactate 
levels  were  measured  by  lactate  assay  kit  (Biovision).  ATP 
production,  glucose  consumption,  and  lactate  production 
levels  were  normalized  to  cell  number. 

NADPH/NADP  assay 

The  cells  were  harvested  after  48  h  of  culture.  NADP  total 
(NADPH  and  NADP)  levels  and  NADPH  levels  were 
determined  by  a  commercially  available  assay  kit 
(Biovision) .  NADP  levels  were  determined  by  the  difference 
between  NADP  total  and  NADPH  levels.  The  ratio  was 
calculated  thereafter. 

Glucose  deprivation  assay 

The  cells  were  seeded  into  12-well  plates  1  day  before 
switching  to  an  RPMl-1640  glucose-free  medium  containing 
10%  dialyzed  FBS.  The  cells  were  counted  3  days  after 
changing  the  medium. 

PSA  ELISA  assay 

Culture  medium  was  collected  2  days  cifter  seeding  cells  or 
drug  treatment.  PSA  levels  in  the  medium  were  measured 
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by  a  commercially  available  kit,  following  the  manufac¬ 
turer's  instmction.  Data  are  expressed  as  mean±s.D.  from 
three  independent  experiments. 

Statistical  analysis 

All  data  presented  are  shown  as  mean±s.D.  Student's  f-test 
was  used  to  compare  differences  between  two  groups. 
P<0.05  was  considered  significant. 

Results 

Alteration  of  glucose  pathways  by  p52 

Our  previous  studies  have  demonstrated  that  p52- 
overexpressing  LNCaP  prostate  cancer  cells  are  more 
aggressive  in  terms  of  tumour  growth,  resistance  to 
androgen  deprivation,  and  enzalutamide  treatment 
(Nadiminty  et  al.  2006,  2008,  2010a, b,  2013).  As  it  is  well 
documented  that  cancer  cells  reprogram  their  metabolism 
to  facilitate  fast  proliferation,  we  examined  the  metabolic 
pathways  in  p52-overexpressing  LNCaP  cells  by  analyzing 
the  gene  expression  microarray  data  generated  from  p52 
retrovims-infected  cells  (Nadiminty  et  al.  2010b). 

Of  the  top  30  altered  pathways  by  overexpression 
of  p52  in  LNCaP  cells  compared  with  the  parental 
LNCaP  cells,  the  intermediate  or  final  products  of 
11  pathways,  including  the  top  2  pathways,  are  involved 
in  sugar  metabolism,  fatty  acid  synthesis,  and/or  lipid 
biosynthesis  and  degradation.  Five  pathways  are  corre¬ 
lated  to  amines,  polyamines,  amino  acids  biosjmthesis, 
and  degradation.  In  addition,  pathways  involved  in  the 
biosynthesis  and  degradation  of  nucleoside  and  nucleo¬ 
tide  as  well  as  biosynthesis  of  vitamin,  NAD,  and 
polysaccharides  are  all  significantly  enhanced.  The  most 
altered  metabolic  pathways  are  listed  in  Fig.  lA.  These 
findings  suggest  that  in  p52  cells,  anabolic  metabolism 
pathways  are  enhanced,  providing  additional  byproducts 
necessary  for  cell  division,  thus  facilitating  quicker  cell 
proliferation. 

In  correspondence  with  the  enhanced  macro- 
molecular  biosynthesis,  ^ycolysis  processes  including 
fermentation  of  pyruvate  to  lactate  are  at  top  of  the  list. 
Many  key  enzymes  within  glycolysis,  such  as  PFKP, 
GAPDHS,  PGKl,  ENOl,  EN03,  PKM2,  and  LDHA,  have 
elevated  expression  levels  in  LNCaP-p52  cells  compared 
with  the  parental  LNCaP  cells  (Fig.  IB).  In  addition  to 
the  upregulated  genes  in  glycolysis,  genes  within  the 
PPP,  such  as  G6PD,  PGD,  TALDOl,  and  TKT,  are  also 
upregulated  (Fig.  IB). 
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Figure  1 

Metabolic  pathways  and  genes  altered  in  LNCaP  p52  cells.  (A)  Top  10 
altered  nnetabollc  pathways  are  listed.  Blue  boxes  show  log  (P  value). 
Yellow  dots  show  in  logj  (fold  change).  Fold  change  threshold  is  set  as  1.2. 
(B)  Heat  map  of  gene  expression  within  glycolysis  and  pentose  phosphate 


p52  enhances  glucose  metabolism 

Gene  expression  array  data  suggest  the  alteration  of 
glucose  metabolic  pathway  by  p52  in  LNCaP  cells.  To 
further  understand  reprogramed  glucose  metabolism  by 
p52,  we  assayed  several  indicators  within  the  glucose 
metabolic  pathways.  Glucose  uptake  is  the  first  step  in 
glucose  metabolism,  which  can  be  measured  by  the 
expression  levels  of  glucose  transporter,  GLUTl,  and  by 
glucose  consumption  assays.  LNCaP-p52  cells  expressed 
GLUTl  at  higher  levels  compared  with  the  control 
(Fig.  2A),  consistent  with  higher  glucose  consumption  in 
pS2  overexpression  cells  compared  with  the  control 
(Fig.  2B).  These  data  suggest  an  increased  glucose  uptake 
and  consumption  by  the  cells  overexpressing  p52.  As  a 
rate-limiting  final  step  of  glycolysis,  catalysis  of  PEP  to 
pyruvate  by  PKM2,  a  splice  isoform  of  pyruvate  kinase, 
plays  important  roles  in  cancer  metabolism.  Expression  of 
PKM2  has  a  growth  advantage  for  tiunor  cells  in  vivo 
(Christofk  et  al.  2008a, b).  Our  gene  expression  array  data 
indicated  an  increcised  expression  of  PKM2  mRNA  by 
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pathways.  All  genes  of  the  glycolysis  and  pentose  phosphate  pathways 
with  a  >  1.2  fold  change  are  included  in  the  heat  map.  Color  scale  shows 
the  format  of  logj  (fold  change). 


overexpression  of  p52.  To  confirm  whether  p52  enhances 
PKM2  protein  expression,  we  analyzed  the  expression  of 
PKM2  and  phosphorylated  PKM2.  As  shown  in  Fig.  2A,  the 
protein  levels  of  both  PKM2  and  phosphorylated  PKM2 
were  upregulated  in  LNCaP-pS2  cells  compared  with  the 
control.  As  cancer  cells  mainly  generate  energy  from 
aerobic  glycolysis  of  glucose,  we  measured  ATP  production 
as  an  indicator  of  aerobic  glycolysis.  The  p52-overexpres- 
sing  LNCaP  cells  are  capable  of  generation  of  higher  ATP 
production  compared  with  the  parental  LNCaP  cells 
(Fig.  2C).  In  addition  to  ATP  production,  lactate  pro¬ 
duction  was  also  inaeased  in  LNCaP-p52  cells  compared 
with  the  parental  LNCaP  cells  (Fig.  2D). 

PPP  is  a  branch  shunt  from  glycolysis,  which  provides 
intermediate  products  for  nucleoside  synthesis,  and  more 
importantly  provides  reductants  such  as  NADPH  to 
maintain  the  redox  balance  of  fast  proliferating  cells.  The 
enzyme  involved  in  the  first  step  of  PPP  flux,  G6PD,  was 
upregulated  in  LNCaP-p52  cells  (Fig.  3A).  In  addition,  the 
NADPH:NADP  ratio  was  also  much  higher  in  LNCaP-p52 
cells  than  control  cells  (Fig.  3B),  suggesting  an  overall 
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Figure  2 

p52  increases  INCaP  cells'  glucose  uptake  and  aerobic  glycolysis. 

(A)  Western  blots  for  glucose  transporter  1  (GLUT1),  PKM2,  phospho  PKM2, 
Tubulin  was  used  as  a  loading  control.  Glucose  consumption  (B),  ATP 
production  (C),  lactate  production  (D)  of  LNCaP  p52  cells  compared  with 
LNCaP  neo  cells.  Data  are  presented  as  mean±s.D.  of  at  least  three 
Independent  experiments.  •*P<0.01. 

enhanced  PPP  in  LNCaP-p52  cells.  To  test  whether 
p52-mediated  glucose  metabolism  is  not  LNCaP  cell 
specific,  CWR22Rvl  ceDs  were  transiently  transfected 
with  p52.  As  shown  in  Fig.  3C,  transient  transfection  of 
p52  increased  PKM2  expression  and  glucose  consumption 
in  CWR22Rvl  cells  (Fig.  3C).  Collectively,  these  data 
suggest  that  overexpression  of  p52  enhcmces  glucose 
metabolism  in  LNCaP  cells. 


Overexpression  of  p52  increases  cell  sensitivity  to  glucose 
deprivation  and  2-DG  treatment 

As  LNCaP-p52  cells  have  higher  glucose  uptake  and  rate 
of  glucose  metabolism,  we  hypothesized  that  p52-over- 
expressing  LNCaP  cells  might  be  dependent  on  glucose  for 
survival,  and  were  more  sensitive  to  glucose  deprivation 
than  parental  LNCaP  cells.  To  test  that,  we  monitored  cell 
growth  in  the  absence  of  glucose.  As  shown  in  Fig.  4A, 
more  cells  were  dead  among  p52-overexpressing  LNCaP 
cells  compared  with  the  parental  LNCaP  cells  when  they 
grew  in  the  media  deprived  of  glucose.  To  further  confirm 
this  observation,  we  treated  the  cells  with  an  analog  of 


glucose,  2-DG,  an  inhibitor  of  glucose  metabolism. 
As  shown  in  Fig.  4B,  p52-overexpressing  LNCaP  cells 
were  more  sensitive  to  2-DG  treatment  than  parental 
LNCaP  cells.  These  results  suggest  that  p52-overexpressing 
LNCaP  cells  are  more  sensitive  to  glucose  deprivation  than 
parental  LNCaP  cells. 


Targeting  glucose  metabolism  by  2-DG  resensitizes 
LNCaP-p52  cells  to  enzalutamide  treatment 


Our  previous  studies  have  shown  that  LNCaP-p52  cells 
were  resistant  to  enzalutamide  treatment  (Nadiminty  et  al. 
2013).  As  LNCaP-p52  cells  exhibit  enhanced  glucose 
consumption  and  are  more  sensitive  to  glucose  depri¬ 
vation  and  2-DG  treatment,  we  combined  2-DG  with 
enzalutamide  to  examine  whether  the  combination 
treatment  could  restore  the  cells'  sensitivity  to  enzaluta¬ 
mide.  As  shown  in  Fig.  5A,  a  low  dose  of  2-DG  (1  mM) 
combined  with  20  pM  enzalutamide  dramatically  reduced 
LNCaP-p52  cell  number. 

We  previously  generated  enzalutamide-resistant 
C4-2B  MDVR  cells  (Nadiminty  et  al.  2013).  Similar  to 
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Figure  3 

(A)  Western  blots  for  G6PD  of  LNCaP  neo  and  LNCaP  p52  cells.  Tubulin  was 
used  as  a  loading  control.  (B)  NADPH:NADP  ratio  of  LNCaP  p52  cells 
compared  with  LNCaP  neo  cells.  (C)  Ttansient  transfection  of  p52  enhances 
glucose  metabolism  in  CWR22Rv1  cells.  Immunoblots  of  HA  tagged  p52, 
PKM2,  and  tubulin  in  transiently  transfected  LNCaP  cells  (left).  Glucose 
consumption  assay  in  transient  vehicle  and  p52  transfected  CWR22Rv1 
cells  (right).  Data  was  presented  as  mean  ±s.d.  of  three  independent 
experiments.  *P<0.05,  *»P<0.01. 
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Figure  4 

LNCaP  pS2  cells  are  more  sensitive  to  glucose  deprivation  and  2  DG 
treatment.  (A)  Cell  growth  comparison  after  3  days  of  glucose  deprivation. 
Cell  numbers  of  LNCaP  neo  and  LNCaP  p52  cells  In  absence  of  glucose 
are  normalized  to  the  ones  with  glucose  respectively.  (B)  Cell  growth  of 
LNCaP  pS2  and  LNCaP  neo  at  different  concentratiors  of  2  DG.  Data  are 
presented  as  mean±s.D.  In  three  Independent  experiments.  **P<0.01. 

LNCaP-p52  cells,  C4-2B  MDVR  cells  have  enhanced  glucose 
consumption  and  ATP  and  lactate  production  (Fig.  5B). 
As  2-E>G  can  greatly  resensitize  the  response  of  LNCaP- 
p52  cells  to  enzalutamide,  we  tested  whether  2-DG  would 
have  a  similar  effect  to  MDV-resistant  cells.  Combination 


treatment  with  2-DG  and  enzalutamide  significantly 
decreased  cell  number  in  C4-2B  MDVR  cells  (Fig.  SC 
and  D).  Collectively,  these  data  suggest  that  targeting 
glucose  metabolism  can  resensitize  enzalutamide  treat¬ 
ment  in  enzalutamide-resistant  prostate  cancer  cells. 


Discussion 

CXir  previous  studies  have  demonstrated  that  p52-over- 
expressing  LNCaP  cells  grew  significantly  larger  tumors 
in  vivo,  became  castration-resistant  through  aberrant  AR 
activation  and  resistant  to  enzalutamide  treatment. 
Qmcer  cells  have  reprogramed  metabolism  to  facilitate 
fast  proliferation.  In  the  present  study,  we  analyzed 
glucose  metabolism  in  pS2-overexpressing  prostate  cancer 
cells,  and  found  that  glycolysis  and  PPP  are  both 
upregulated,  indicating  upregulation  of  glucose  meta¬ 
bolism  and  ATP  production  by  p52.  Targeting  glucose 
metabolism  by  2-DG  resensitizes  the  cell's  response  to 
enzalutamide  of  not  only  LNCaP-p52  cells,  but  also 
other  enzalutamide-resistant  cells,  like  C4-2B  MDVR  cells. 
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Figure  5 

2  DG  resensitizes  cells  to  enzalutamide  treatrrvent.  (A)  Cell  morphology 
of  LNCaP  p52  cells  was  shown  after  2  days  treatment  with  2  DG  in 
combination  with  or  without  enzalutamide.  Vehicle  control  and  2  DG 
treatment  were  shown  in  top  panel.  Enzalutamide  and  combination 
treatment  with  1  mM  2  DG  were  shown  in  bottom  panel.  (Right  panel)  Cell 
growth  after  2  days  of  treatment.  All  numbers  were  normalized  to  vehicle 
group.  Data  were  presented  as  mean±s.D.  in  at  least  three  indeperxient 
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experiments.  (B)  Glucose  consumption  (left),  ATP  production  (middle), 
and  lactate  production  (right)  in  C4  2B  MDVR  enzalutamide  resistant 
cells  compared  with  parental  C4  2B  enzalutamide  sensitive  cells. 

(Q  2  DG  resensitizes  C4  2B  MDVR  enzalutamide  resistant  cells’  response  to 
enzalutamide  treatment.  Cell  numbers  were  normalized  to  vehicle  group. 
Data  were  presented  as  mean±s.D.  in  three  independent  experiments; 
*P<0.05,  **P<0.01. 
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The  Warburg  effect  is  a  widely  observed  feature  in 
tumors  with  elevated  glucose  uptake,  glucose  consump¬ 
tion,  and  lactate  production.  Several  enzymes  including 
GLUTl,  PKM2,  and  LDHA  are  critically  involved  in 
glucose  metabolism.  We  have  shown  that  the  levels  of 
GLUTl  (SLC2A1),  PKM2,  and  LDHA  gene  expression 
were  upregulated  in  p5  2-overexpressing  LNCaP  cells, 
which  correlated  with  higher  glucose  metabolism.  The 
upregulation  of  these  rate-limiting  glucose  metabolic 
enzymes  may  play  a  critical  role  in  the  pS2-induced 
Warburg  effect,  featimng  elevated  glucose  consumption 
and  higher  lactate  production.  One  typical  feature  of 
cancer  cells  is  switching  energy  production  from 
oxidative  phosphorylation  to  glycolysis  to  generate 
additional  precursors  for  macromolecular  biosynthesis. 
Gene  expression  microarray  data  analysis  showed  an 
enhanced  macromolecular  biosynthesis  in  p52-over- 
expressing  LNCaP  cells  compared  with  the  parental 
LNCaP  cells,  suggesting  an  enhanced  production  of 
building  blocks  for  these  maaomolecules  derived  from 
glucose  metabolites.  This  is  in  consistence  with  the 
upregulated  glucose  metabolism  pathways  observed  in 
p52-overexpressing  LNCaP  cells. 

Due  to  an  altered  glucose  metabolism  that  cancer 
cells  usually  have,  tiugeting  glucose  metabolism  to  inhibit 
cancer  progression  is  an  attractive  approach  for  cancer 
therapy.  2-DG,  a  glucose  analog,  is  the  most  widely 
investigated  drug  in  experimental  and  clinical  oncology 
(Dwarakanath  &  Jain  2009).  2-DG  is  competitively  taken 
up  by  cells  through  the  same  transporter  as  glucose  and 
transformed  by  hexokinase  to  2-DG-6-phosphate  which 
cannot  be  metabolized  further,  therefore  decreasing  the 
glucose  flux  to  glycolysis  and  PPPs.  However,  as  a  single 
therapeutic  agent,  the  clinical  trial  of  2-DG  has  been 
discontinued  due  to  persistent  side  effects  such  as 
diaphoresis  and  disturbance  of  the  CNS  (Dwarakanath 
et  al.  2009,  Gupta  et  al.  2009).  A  potential  promising 
approach  is  to  combine  2-DG  therapy  with  radiation  or 
chemotherapy  drugs  (Gupta  et  al.  2009).  Enzalutamide, 
a  newly  approved  anti-androgen  drug,  can  effectively 
inhibit  CRPC  cell  growth  in  vivo  (Tran  etal.  2009).  Despite 
its  successes  and  continuing  widespread  use,  development 
of  resistance  is  inevitable.  Our  previous  studies  have 
demonstrated  that  p52-overexpressing  LNCaP  cells  were 
resistant  to  enzalutamide  (Nadiminty  et  al.  2013).  In  the 
present  study,  we  combined  2-DG  and  enzalutamide 
and  found  that  a  low  dose  of  2-DG  resensitized  the 
response  of  p52-overexpressing  LNCaP  cells  to  enzaluta¬ 
mide  treatment.  The  combination  of  these  two  drugs 
has  profound  synergistic  effects  on  the  inhibition  of  cell 
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growth.  We  further  validated  the  synergistic  effects  of 
combination  treatment  of  2-DG  with  enzalutamide  in 
another  enzalutamide-resistant  C4-2B-MDVR  cells. 

In  summary,  these  results  suggest  that  p52  modu¬ 
lates  glucose  metabolism  and  enhances  glucose  flux  to 
glycolysis  and  PPPs,  thus  facilitating  fast  proliferation  of 
the  cells.  Targeting  glucose  metabolism  by  deprivation 
of  glucose  or  using  glucose  analog,  such  as  2-DG,  inhibits 
cell  growth.  We  found  that  combination  treatment  of 
2-DG  with  enzalutamide  could  resensitize  enzalutamide- 
resistant  prostate  cancer  cells  to  enzalutamide  treatment, 
suggesting  a  potential  therapeutic  approach  for  CRPC 
patients,  by  co-targeting  glucose  metabolism  and  AR 
pathways. 
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BACKGROUND.  Treatment  for  primary  prostate  cancer  (CaP)  is  the  withdrawal  of  andro¬ 
gens.  However,  CaP  eventually  progresses  to  grow  in  a  castration-resistant  state.  The  mecha¬ 
nisms  involved  in  the  development  and  progression  of  castrafion-resistant  prosfate  cancer 
(CRPC)  remain  unknown.  We  have  previously  generated  LNCaP-IL6+  cells  by  treating 
LNCaP  cells  chronically  with  interleukin-6  (lL-6),  which  have  acquired  the  ability  to  grow  in 
androgen-deprived  conditions. 

METHODS.  We  compared  the  protein  expression  profile  of  LNCaP  and  LNCaP-IL6+  cells 
using  two-dimensional  gel  electrophoresis.  The  gels  were  then  silver  stained  in  order  to 
visualize  proteins  and  the  differentially  expressed  spots  were  identified  and  characterized  by 
micro  sequencing  using  MALDl-PMF  mass  spectrometry. 

RESULTS.  In  this  study,  we  have  identified  RhoGDla  (GDla)  as  a  suppressor  of  CaP 
growfh.  Expression  of  GDIa  was  reduced  in  LNCaP-lL6+  cells  and  was  down-regulafed  in 
more  aggressive  CaP  cells  compared  to  LNCaP  cells.  Over  expression  of  GDIa  inhibifed  the 
growth  of  CaP  cells  and  caused  LNCaP-IL6+  cells  reversal  to  androgen-sensitive  state, 
while  down-regulation  of  GDIa  enhanced  growfh  of  androgen-sensitive  LNCaP  CaP  cells 
in  androgen-deprived  conditions.  In  addition,  GDIa  suppressed  the  tumorigenic  ability  of 
prostate  tumor  xenografts  in  vivo. 

CONCLUSIONS.  These  results  demonstrate  that  loss  of  GDIa  expression  promotes 
the  development  and  progression  of  prostafe  cancer.  Prostate  72: 392  398,  2012. 

©  2011  Wiley  Periodicals,  Inc. 
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INTRODUCTION 

Prostate  cancer  (CaP)  is  the  most  common  type 
of  cancer  in  American  men  and  ranks  second  to  lung 
cancer  in  cancer-related  deaths.  One  of  the  important 
challenges  facing  CaP  is  its  evolution  to  castration 
resistance,  for  which  no  effective  treatment  has  been 
developed.  Understanding  the  molecular  mechanisms 
leading  to  castration  resistance  is  the  key  to  develop¬ 
ing  successful  therapies  to  combat  this  lethal 
response.  IL-6  has  been  implicated  in  the  modulation 
of  growfh  and  differentiation  in  many  cancers  and  is 
associated  with  poor  prognosis  in  renal  cell  carcino¬ 
ma,  ovarian  cancer,  lymphoma,  and  melanoma  [1]. 
Elevated  expression  of  IL-6  and  ifs  receptor  have  been 
consistently  demonstrated  in  human  CaP  cell  lines 


and  clinical  specimens  of  CaP  and  benign  prosfate  hy¬ 
perplasia  [2-4].  Multiple  studies  have  demonstrated 
that  IL-6  is  elevated  in  the  sera  of  pafienfs  with 
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metastatic  CaP  and  the  levels  of  IL-6  correlate  with 
tumor  burden,  serum  PSA,  and  clinically  evident 
metastases  [5,6].  In  addition,  serum  IL-6  levels  are 
elevated  in  men  with  castration-resistant  prostate 
cancer  (CRPC)  compared  to  normal  controls,  benign 
prostatic  hyperplasia,  prostatitis,  and  localized  CaP 
[5].  Collectively,  these  data  suggest  that  elevated  IL-6 
levels  are  associated  with  the  lethal  phenotype  of 
CaP. 

IL-6  functions  as  a  paracrine  growth  factor  for  the 
human  LNCaP  androgen-sensitive  CaP  cells  and  as 
an  autocrine  growth  factor  for  the  human  DU145  and 
PC3  androgen-insensitive  CaP  cells  [7].  It  has  also 
been  reported  that  IL-6  mediates  LNCaP  cell  growth 
arrest  and  induces  neuroendocrine  differentiation 
[8-10].  Targeting  IL-6  signaling  using  an  anti-IL-6 
monoclonal  antibody  induces  regression  of  human 
CaP  xenografts  in  nude  mice  [11],  while  inhibition  of 
IL-6  with  CNT0328,  an  anti-IL-6  monoclonal  antibody 
inhibits  the  conversion  of  an  androgen-dependent  to 
independent  phenotype  in  a  CaP  xenograft  in  vivo 
model  [12].  These  studies  suggest  that  IL-6  promotes 
CRPC  progression. 

RhoGDI  (GDI)  is  a  cellular  regulatory  protein  that 
acts  primarily  by  controlling  the  cellular  distribution 
and  activity  of  Rho  GTPases  [13].  GDI  family  com¬ 
prises  three  mammalian  members:  GDIa,  which  is 
ubiquitously  expressed;  GDIp  which  has  hematopoi¬ 
etic  tissue-specific  expression,  and  GDI7  which  is 
membrane-anchored  through  an  amphipathic  helix 
and  is  preferentially  expressed  in  brain,  pancreas, 
lung,  kidney,  and  testis  [14].  GDIa  binds  to  and  nega¬ 
tively  regulates  most  Rho  GTPases  including  RhoA, 
Rad,  and  Gdc42  [14].  It  has  been  shown  that  overex¬ 
pression  of  GDI  in  various  cell  lines  induces  disrup¬ 
tion  of  the  actin  cytoskeleton  and  loss  of  substratum 
adherence  and  microinjection  of  GDIa  into  fibroblasts 
inhibits  cell  motility  [15,16].  GDIa  mRNA  level  was 
found  to  be  lower  in  the  metastatic  lineage  (T24T)  of  a 
human  bladder  cancer  cell  line  (T24)  suggesting  that 
Rho  activation  plays  a  role  in  the  control  of  progres¬ 
sion  to  metastasis  [17].  Although  GDIa  is  aberrantly 
expressed  in  several  tumor  tissues,  its  role  in  cancer 
progression  remains  to  be  unraveled.  In  this  study, 
we  show  that  GDIa  suppresses  CaP  cell  growth,  and 
down-regulation  of  GDIa  promotes  the  progression 
of  androgen-sensitive  cells  to  a  castration-resistant 
state. 

MATERIALS  AND  METHODS 

Cell  Culture  and  Transfections 

LNCaP,  LAPC-4,  PC3,  C4-2,  and  DU145  CaP  cells 
were  cultured  in  RPMI-1640  medium  containing 
either  10%  complete  fetal  bovine  serum  (PBS)  or  10% 


charcoal-dextran-stripped  FBS  and  penicillin/ strepto¬ 
mycin  as  described  previously  (29).  LNCaP  passage 
numbers  <30  were  used  throughout  the  study.  IL-6- 
overexpressing  LNCaP-IL6+  cells  were  cultured  in 
RPMI 1640  containing  10%  FBS  as  described  previous¬ 
ly  [18].  For  transfection  studies,  cells  were  transiently 
transfected  with  expressing  plasmids  using  Lipofect- 
amine  2000  (Invitrogen). 

Preparation  of  Whole  Cell  Extracts 

Cells  were  lysed  in  a  high-salt  buffer  containing 
10  mM  Hepes  (pH  7.9),  0.25  M  NaCl,  1%  Nonidet 
P-40,  and  1  mM  EDTA  with  protease  inhibitors,  and 
total  protein  in  the  lysates  was  determined  with 
the  Coomassie  Plus  Protein  Assay  Reagent  (Pierce, 
Rockford,  IL). 

Cytosolic  and  Nuclear  Protein  Preparation 

Cells  were  harvested,  washed  with  PBS  twice,  and 
resuspended  in  a  hypotonic  buffer  [10  mmol/L 
HEPES-KOH  (pH  7.9),  1.5  mmol/L  MgC12, 10  mmol/ 
L  KCl,  and  0.1%  NP40]  and  incubated  on  ice  for 
10  min.  Nuclei  were  precipitated  by  3,000  x  g  centri¬ 
fugation  at  4°C  for  10  min.  The  supernatant  was  col¬ 
lected  as  the  cytosolic  fraction.  After  washing  once 
with  the  hypotonic  buffer,  the  nuclei  were  lysed  in  a 
lysis  buffer  [50  mmol/L  Tris-HCl  (pH  8),  150  mmol/ 
L  NaCl,  1%  TritonX-100]  by  mechanical  disruption  for 
30  min  at  4°C.  The  nuclear  lysate  was  precleared  by 
centrifugation  at  4°C  for  15  min.  Protein  concentra¬ 
tion  was  determined  using  the  Coomassie  Plus  pro¬ 
tein  assay  kit  (Pierce). 

Proteomic  Analysis  UsingTwo-Dimensional 
Electrophoresis 

Prior  to  two-dimensional  electrophoresis,  the  pro¬ 
tein  samples  were  purified  using  a  2D  Clean-Up  kit 
(GE  health  care)  according  to  the  manufacturer's 
instructions.  Differentially  expressed  proteins  were 
identified  using  two-dimensional  gel  electrophoresis 
and  mass  spectrometry.  Two-dimensional  gel  electro¬ 
phoresis  was  performed  using  immobiline  strips  (pi 
range,  3-10;  GE  Healthcare,  Piscataway,  NJ)  with  pro¬ 
teins  being  separated  according  to  charge  and  subse¬ 
quently  molecular  weight.  The  gels  were  then  silver 
stained  in  order  to  visualize  proteins  and  the  differen¬ 
tially  expressed  spots  were  identified  by  MALDI- 
PMF  mass  spectrometry. 

Western  Blot  Analysis 

Equal  amounts  of  protein  were  loaded  on  10% 
SDS-PAGE  and  transferred  to  nitrocellulose  mem¬ 
branes.  The  membranes  were  blocked  with  5%  nonfat 
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milk  in  lx  PBS  +  0.1%  Tween  20  and  probed  with 
the  indicated  primary  antibodies.  The  chemilumines¬ 
cent  signal  was  detected  by  enhanced  chemilumines¬ 
cence  kit  (Amersham)  after  incubation  with  the 
appropriate  horseradish  peroxidase-conjugated  sec¬ 
ondary  antibodies. 

Measurement  of  PSA 

PSA  levels  were  measured  in  the  culture  superna¬ 
tants  using  ELISA  (United  Biotech,  Inc.)  according 
to  the  manufacturer's  instructions  and  as  described 
previously  [19]. 

In  Vitro  Cell  Proliferation 

Cells  (10'*  cells/well)  were  plated  in  12-well  plates 
in  RPMl  containing  10%  FBS.  After  2  or  3  days  in  reg¬ 
ular  culture  medium  with  10%  FBS,  cells  were 
switched  into  phenol  red-free  RPMl  containing  either 
10%  FBS  or  10%  charcoal-stripped  FBS  (Hyclone,  UT). 
Two  days  later,  cell  numbers  were  counted  using 
Coulter  counter. 

Apoptosis  Assays  and  Cell  Death  Detection  ELISA 

Cells  were  cultured  under  androgen-depleted  con¬ 
ditions  (10%  charcoal-stripped  serum)  for  3-7  days 
after  transfection  with  the  indicated  plasmids.  The 
degree  of  apoptosis  was  measured  by  cell  death 
detection  ELISA  according  to  the  manufacturer's 
instructions.  Briefly,  floating  and  attached  cells  were 
collected  and  homogenized  in  400  pi  of  incubation 
buffer.  Five  microliters  of  the  supernatant  diluted 
in  95  pi  of  incubation  buffer  was  used  in  the  ELISA. 
The  wells  were  coated  with  anti-histone  antibodies 
and  then  incubated  with  the  lysates,  horseradish 
peroxidase-conjugated  anti-DNA  antibodies,  and  the 
substrate  subsequently,  and  absorbance  was  read  at 
620  nm. 

InVIvoTumor  Growth 

Four-  to  six-week-old  athymic  male  nude  mice 
(Harlan,  Indianapolis,  IN)  were  injected  s.c.  in  both 
the  flanks  with  2  x  10^  cells  (LNCaP-IL6-l-/neo  and 
LNCaP-lL6-l-/GDl)  resuspended  1:1  in  Matrigel  (BD 
Biosciences,  Bedford,  MA)  and  complete  culture 
medium.  The  volume  of  the  growing  tumors  was 
estimated  by  measuring  their  three  dimensions 
(Length  x  Width  x  Depth)  with  calipers  (23). 

Statistical  Analysis 

All  data  are  presented  as  mean  ±  standard  devia¬ 
tion  (SD).  Statistical  analyses  were  performed  with 
Microsoft  Excel  analysis  tools,  differences  between 


individual  groups  were  analyzed  by  paired  f-test. 
P  <  0.05  was  considered  statistically  significant. 

RESULTS 

GDIawas  Identified  by  Down-Regulated  Expression 
in  LNCaP-IL-  6-|-  Cells  Compared  to  LNCaP  Cells 

We  previously  generated  a  subline  of  LNCaP  cells, 
LNCaP-IL6-l-,  by  chronically  treating  LNCaP  cells 
with  5  ng/ ml  lL-6  [18].  LNCaP-IL6-l-  cells  were  found 
to  have  acquired  the  ability  to  secrete  IL-6  and  to 
grow  in  castration-resistant  conditions  in  vitro  and  in 
vivo  [18].  To  identify  factors  that  potentially  mediate 
CaP  cell  growth  induced  by  IL-6,  the  protein  expres¬ 
sion  profile  in  LNCaP  and  LNCaP-IL-6-1-  cells  was 
analyzed  by  2-D  gel  electrophoresis  (Fig.  lA).  The  dif¬ 
ferentially  expressed  spots  were  isolated  from  the  2-D 
gels  and  micro  sequenced  by  MALDl-PMF.  One  of 
the  spots  that  were  present  in  parental  LNCaP  cells 
was  lost  in  LNCaP-IL-6-f  cells.  The  spot  was  identi¬ 
fied  as  CDla  by  MALDl-PMF  micro  sequencing  mass 
spectrometry. 


Fig.  I.  Identification  and  characterization  of  GDIa.  A:  Identifica 
tion  of  GDIa  protein  that  is  down  regulated  in  LNCaP  IL6+  cells 
compared  to  LNCaPcells.  2  D  gel  analysis  of  LNCaP  and  LNCaP  IL 
6+  cells.  Arrow  indicates  GDIa.  B:  GDIa  expression  is  decreased  in 
androgen  insensitive  cells  versus  androgen  sensitive  cells.  GDIa  ex 
pression  was  analyzed  by  Western  blot  using  whole  cell  lysates  of 
androgen  sensitive  LNCaP,  LAPC  4  cells  and  androgen  insenistive 
C4  2,  LNCap  IL6+,  PC3,  and  DUNS  cells  using  antibodies  specifi 
cally  against  GDIa.  Actin  was  used  as  loading  control. 
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GDI  a  Expression  is  Decreased  in 
Androgen-Insensitive  Cells 
Versus  Androgen-Sensitive  Cells 

To  test  whether  down-regulation  of  GDIa  expres¬ 
sion  is  associated  with  the  progression  of  CRPC,  we 
analyzed  the  expression  levels  of  GDla  in  androgen- 
sensitive  LNGaP,  LAPC-4  cells,  and  androgen-insen¬ 
sitive  C4-2,  LNCaP-lL-6-l-,  PC-3,  and  DU145  cells  by 
Western  blot  analysis  using  antibodies  against  GDla. 
The  levels  of  GDla  protein  were  decreased  in  the 
androgen-insensitive  cells  compared  to  those  in 
androgen-sensitive  cells.  These  results  suggest  that 
androgen-insensitive  growth  is  associated  with 
decreased  levels  of  GDla  protein  (Fig.  IB). 

GDI  a  Inhibits  Cell  Growth  and  Induces 
Apoptotic  Cell  Death 

To  examine  the  effects  of  GDla  on  cell  growth  in 
vitro,  LNCaP-lL-6-l-  and  DU145  cells  that  express  low 
levels  of  GDla  protein  were  transfected  with  different 
concentrations  of  expression  plasmids  encoding 
GDla  and  cell  numbers  were  determined.  Overexpre- 
sion  of  GDla  inhibited  the  growth  of  LNCaP-IL-6-l- 
and  DU145  cells  in  vitro  (Fig.  2A).  Apoptosis  was 
measured  by  analyzing  the  degree  of  DNA  fragmen¬ 
tation  with  the  Cell  Death  Detection  ELISA  kit 
(Roche).  Over  expression  of  GDla-induced  significant 


levels  of  apoptotic  cell  death  compared  to  the  vector 
control  (P  <  0.01,  Fig.  2B).  These  data  suggest  that 
overexpression  of  GDla  inhibits  the  growth  of  CaP 
cells  via  induction  of  apoptotic  cell  death. 

RhoGDIa Inhibits  LNCaP-IL-6+  Cell  Growth  in 
Androgen-Deprived  Conditions 

To  determine  the  potential  significance  of  over 
expression  of  GDla  in  CaP  cells,  LNCaP-IL-6-l-  were 
transfected  with  plasmids  expressing  control  or 
GDla.  After  transfection,  cells  were  switched  to  me¬ 
dia  containing  either  FBS  or  charcoal-stripped  FBS 
(CS-FBS)  and  allowed  to  grow  for  3  more  days 
and  cell  numbers  were  determined.  The  growth  of 
LNCaP-IL-6-1-  cells  transfected  with  vector  control 
grown  in  CS-FBS  was  reduced  ^5-10%  compared  to 
those  grown  in  FBS.  The  growth  of  LNCaP-lL-6-l-  cells 
transfected  with  GDla  grown  in  similar  conditions 
showed  reduction  by  40-50%  (Fig.  3).  These  results 
suggest  that  over  expression  of  GDla  can  reduce  the 
growth  of  LNCaP-lL-6-l-  cells  in  androgen-deprived 
conditions  in  vitro. 

Down-Regulation  of  GDla  Promotes  Growth  of 

LNCaP  Cells  in  Androgen-Deprived  Conditions 

LNCaP  cells  express  higher  levels  of  GDla  protein 
and  do  not  grow  well  in  CS-FBS  condition.  To  test 
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Fig.  2.  Expression  of  GDla  inhibited  growth  and  induced  apoptotic  cell  death  in  vitro.  A;  Over  expression  of  GDla  inhibits  LNCaP  IL6+ 
and  DUNS  cells  growth  in  vitro.  LNCaP  IL6+  and  DUNS  cells  were  transfected  with  different  doses  of  plasmids  containing  GDla  cDNA. 
The  cell  number  was  determined  3  days  after  transfection.  B:  Overexpression  of  GDla  induces  apoptotic  cell  death.  LNCaP  IL6+  and  DUNS 
cells  were  transfected  with  different  doses  of  expression  plasmids  containing  GDla  cDNA.  Apoptotic  cell  death  was  determined  3  days  after 
transfection.  C;  GDla  expression  by  Western  blot  analysis  using  antibody  specific  against  GDla.  ^Statistical  significance  compared  to 
controls. 
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Fig.  3.  Effect  of  over  expression  of  GDIa  on  LNCaP  IL6+  cell 
growth  in  the  presence  and  absence  of  androgen  in  vitro.  LNCaP 
IL6+  cells  were  cultured  in  RPMI  1640  supplemented  with  10%  FBS 
or  10%  charcoal  stripped  FBS(CS  FBS)  and  cultured  for  72  hr.  MTT 
values  for  the  complete  FBS  were  expressed  as  100%  and  MTT 
values  for  charcoal  stripped  FBS  were  expressed  as  %  relative  to 
complete  FBS.  "“Statistical  significance  compared  to  the  value  of 
FBS  conditions.  The  bottom  panel  shows  GDIa  protein  expression 
by  Western  blot  analysis  using  antibody  against  GDIa. 


whether  knockdown  of  GDIa  expression  stimulates 
androgen-independent  growth  of  androgen-sensitive 
LNCaP  cells,  LNCaP  cells  were  transfected  with 
shRNA  specifically  for  GDIa  and  GPP  shRNA  as  con¬ 
trol.  Cells  were  cultured  in  the  presence  and  absence 
of  androgen  and  cell  growth  was  determined.  The 
growth  of  androgen-sensitive  LNCaP  transfected 
with  GFP  control  was  reduced  by  approximately  50% 
after  72  hr  in  CS-FBS  compared  to  that  in  regular  FBS. 
In  cells  transfected  with  GDIa  shRNA  there  was  only 
5-15%  reduction  in  growth  in  CS-FBS  compared  to 
FBS  indicating  that  knockdown  of  GDIa  protein  ex¬ 
pression  can  enhance  the  growth  of  LNCaP  cells  in 
androgen-deprived  conditions  in  vitro  (Fig.  4). 

RhoGDI  a  Suppresses  LNCaP-IL-  6+  Tumor  Growth 

To  test  the  effect  of  GDIa  on  tumor  formation 
in  vivo,  8-week-old  male  nude  mice  were  inoculated 
s.c.  with  2  X  10^  LNCaP-IL6-l-  cells  stably  transfect¬ 
ed  with  GDIa  or  vector  control.  The  mice  developed 
tumors  2  weeks  after  injection  with  LNCaP-IL6-f-/neo 
cells,  and  5  weeks  after  injection  with  LNCaP-IL6-(-/ 
GDIa  cells  (Fig.  5).  Tumor  volumes  were  measured 
twice  a  week.  At  the  end  of  9  weeks,  blood  and  tumor 
tissues  were  collected  and  serum  levels  of  PSA  were 
determined  by  ELISA.  The  over  expression  of  GDIa 
suppressed  tumor  growth  of  LNCaP-IL6-l-  cells.  All 
the  tumors  produced  PSA  and  the  levels  of  PSA  were 
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Fig.  4.  Knockdown  of  RhoGDIa  expression  promotes  LNCaP 
cell  growth  in  androgen  deprived  conditions  in  vitro.  Effect  of 
knockdown  of  RhoGDIa  expression  on  LNCaP  cell  growth  in  the 
presence  and  absence  of  androgen  in  vitro.  LNCaP  cells  were  cul 
tured  in  RPMI  I640  supplemented  with  I0%  FBS.  After  24  hr,  the 
cells  were  transfected  with  GDIa  shRNA  as  indicated.  GFP  shRNA 
was  used  as  control.  After  transfection,  the  cells  were  switched  to 
either  I0%  FBS  or  I0%  charcoal  stripped  FBS  (CS  FBS)  and  cultured 
for  72  hr.  MTT  values  for  cell  grown  in  complete  FBS  were 
expressed  as  I00%  and  MTT  values  for  cell  grown  in  charcoal 
stripped  FBS  were  expressed  as  %  relative  to  complete  FBS.  Bot 
tom  panel  shows  GDIa  protein  expression  by  Western  blot  analysis 
using  antibody  against  GDIa.  “Statistical  significance  compared  to 
the  value  of  GFPshRNA  in  CS  FBS  conditions. 

25.4  ±  6.5  ng/ml  in  mice-bearing  LNCaP-IL6+/neo 
tumors  and  5.1  ±  2.8  ng/ml  in  mice-bearing  LNCaP- 
I16-l-/GDIa  tumors.  These  results  demonstrate  that 
GDIa  expression  suppresses  prostate  tumor  growth 
in  vivo. 

DISCUSSION 

IL-6  has  been  implicated  in  growth  and  differentia¬ 
tion  and  is  associated  with  poor  prognosis  in  many 
cancers  including  CaP.  Multiple  studies  have  demon¬ 
strated  that  IL-6  is  elevated  in  the  sera  of  patients 
with  metastatic  CaP  and  correlates  with  tumor  bur¬ 
den  and  clinically  evident  metastases  [1,3-5].  An  in¬ 
teresting  observation  is  the  dynamic  nature  of  CaP 
cells  such  as  LNCaP  in  response  to  IL-6.  IL-6  exerts  its 
effects  in  both  paracrine  and  autocrine  manner  [18]. 
Prolonged  passage  of  LNCaP  cells  in  the  presence 
of  IL-6  generated  a  subline,  LNCaP-IL6-l-,  which  is 
adapted  to  IL-6  and  grows  in  a  castration-resistant 
manner  [18,20].  In  the  present  study,  we  analyzed 
protein  expression  profiles  of  parental  LNCaP 
and  LNCaP-IL-6-F  cells,  and  identified  that  GDIa  is 
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Fig.  S.  Effects  of  overexpression  of  GDIa  on  tumor  growth. 
A;  Over  expression  of  GDIa  suppresses  LNCaP  IL6+  cell  tumor 
growth  in  vivo.  LNCaP  IL6+  cells/neo  and  LNCaP  IL6+/GDIa  cells 
were  injected  into  intact  male  nude  mice  (N  =  8). Tumor  volumes 
were  measured.  B:  Levels  of  GDIa  protein  in  tumors  originating 
from  LNCaP  IL6+/neo  and  LNCaP  IL6+/GDIa  cells  analyzed  by 
Western  blot  using  antibody  against  GDIa.  [Color  figure  can  be 
viewed  in  the  online  issue,  which  is  available  at  wileyonlinelibrary. 
com.] 


down-regulated  in  CaP  and  its  down-regulation  plays 
a  critical  role  during  CaP  progression  to  CRPC. 

GDIa  was  identified  by  comparison  of  the  protein 
expression  profiles  of  LNCaP  and  LNCaP-IL6-l-  cells. 
GDIa  is  down-regulated  in  LNCaP-IL6H-  cells  which 
exhibit  higher  levels  of  IL-6  compared  to  LNCaP  cells. 
The  levels  of  expression  of  GDIa  are  higher  in  andro¬ 
gen-sensitive  LNCaP  and  LAPC-4  cells  compared  to 
more  aggressive  and  androgen-insensitive  C4-2,  PCS, 
DU145,  and  LNCaP-IL6-l-  cells,  suggesting  that  down- 
regulation  of  GDIa  expression  may  participate  in  the 
progression  of  CaP  cells  to  androgen-insensitive  state. 
It  should  be  noted  that  the  data  is  obtained  from  CaP 
cell  lines  derived  from  human  CaP.  It  would  be  inter¬ 
esting  to  examine  the  levels  of  GDIa  expression  in 
specimens  directly  derived  from  patients  representing 
different  stages  of  CaP. 

Our  study  shows  a  novel  role  of  GDIa  in  CaP. 
Overexpression  of  GDIa  helps  check  uncontrolled 
proliferation  of  LNCaP-IL-6-1-  cells  in  vitro  and  in 
vivo.  In  addition  to  LNCaP-IL6-l-  cells,  GDIa  also 
inhibits  the  proliferation  of  DU145  GaP  cells  at  least  in 


vitro.  We  have  previously  showed  that  LNCaP-IL6-l- 
cells  have  the  ability  to  grow  in  androgen-deprived 
charcoal-stripped  PBS  conditions  in  cell  culture  [18], 
which  was  hampered  by  overexpression  of  GDIa  in 
LNGaP-IL6-l-  cells.  Conversely,  down-regulation  of 
GDIa  expression  in  LNCaP  cells  enhanced  the  growth 
of  these  cells  in  androgen-deprived  charcoal-stripped 
PBS  conditions  in  vitro.  These  results  suggest  that  de¬ 
creased  expression  of  GDIa  facilitates  the  progression 
of  castration-resistance  from  androgen-sensitive  CaP. 
The  possible  involvement  of  GDIa  in  CRPC  progres¬ 
sion  is  suggested  by  a  recent  publication  in  which  loss 
of  GDIa  expression  promotes  MCP-7  breast  cancer 
cells  resistant  to  tamoxifen  treatment  [21]. 

In  conclusion,  we  have  identified  GDIa  as  a  sup¬ 
pressor  of  CaP  growth  through  comparison  of  the 
protein  expression  profiles  of  LNCaP  and  LNCaP- 
IL6+  cells.  Overexpression  of  GDIa  inhibits  the 
growth  of  GaP  cells,  while  down-regulation  of  GDIa 
enhances  the  growth  of  androgen-sensitive  CaP  cells 
in  androgen-deprived  conditions.  The  mechanisms 
of  GDIa-mediated  cellular  signaling  involved  in  pro¬ 
moting  CaP  cell  progression  are  currently  under 
investigation. 
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Prostate  cancer  (CaP)  progresses  to  a  castration-resistant  state  assisted  by  multifold  molecular  changes, 
most  of  which  involve  activation  of  the  androgen  receptor  (AR).  Having  previously  demonstrated  the 
importance  of  the  Lin28/let-7/Myc  axis  in  CaP,  we  tested  the  hypothesis  that  Lin28  is  overexpressed  in 
CaP  and  that  it  activates  ARand  promotes  growth  of  CaP  cells.  We  analyzed  human  clinical  CaP  samples  for 
the  expression  of  Lin28  by  quantitative  real-time  RT-PCR,  Western  blot  analysis,  and  IHC.  Growth  char¬ 
acteristics  of  CaP  cell  lines  transiently  and  stably  expressing  Lin28  were  examined.  The  clonogenic  ability 
of  CaP  cells  expressing  Lin28  was  determined  by  colony  formation  and  soft  agar  assays.  Increase  in 
expression  of  AR  and  subsequent  increase  in  transcription  of  AR-target  genes  were  analyzed  by  quanti¬ 
tative  real-time  RT-PCR,  ludferase  assays,  and  ElISA.  LNCaP  cells  stably  expressing  Lin28  were  injected 
into  nude  mice,  and  tumorigenesis  was  monitored.  We  found  that  Lin28  is  overexpressed  in  cb'nical  CaP 
compared  to  benign  prostates.  Overexpression  of  Lin28  enhanced,  while  down-regulation  reduced, 
growth  of  CaP  cells.  Lin28  enhanced  the  ability  of  CaP  cells  to  form  colonies  in  anchorage-dependent  and 
anchorage-independent  conditions.  LNCaP  cells  stably  expressing  Lin28  exhibited  significantly  higher 
tumorigenic  ability  in  vivo.  Lin28  induced  expression  of  the  AR  and  its  target  genes  such  as  PSA  and 
WKJG.l.  Collectively,  our  fin  dings  demonstrate  a  novel  role  for  Lin28  in  CaP  devebpment  and  activation  of 
the  AR  axis.  (Am  J  Pathol  2013, 183: 288-295;  http://dx.doi,org/lQ.1016/j,ajpath,2013.03.011) 


Prostate  cancer  (CaP)  remains  one  of  the  cancers  with  hi^ 
incidence  and  mortality  rates  among  men  in  the  United 
States.  Progression  of  CaP  to  castration  resistance  is  the 
major  challenge  facing  efforts  to  develop  effective  therapies 
against  CaP.  Castration-resistant  prostate  cancer  evades 
androgen  ablation  by  activating  androgen  receptor  (AR) 
dependent  signaling  through  alternative  mechanisms.  Pre¬ 
vious  reports  have  shown  that  castration-resistant  prostate 
cancer  may  evolve  by  suppression  of  tumor-suppressor 
genes  and  miRNAs,  activation  of  potential  oncogenes, 
overexpression  of  the  AR,  and  activation  of  other  signaling 
cascades.'  miRNAs  are  small  RNAs  that  regulate  gene 
expression  by  binding  to  the  untranslated  regions  of  target 
mRNAs  and  inhibiting  their  translation.  The  let-7  family  of 
miRNAs  is  regulated  by  Lin28  and  Lin28B,  two  homologues 
of  the  heterochronic  gene  lin-28  in  Caenorhabditis  elegans.^ 
The  let-7  family  miRNAs  are  tumor  suppressors  and  are 
implicated  as  prognostic  factors  in  a  multitude  of  cancers.^  ^ 


Hence,  Lin28/Lin28B,  which  inhibit  maturation  of  let-7 
miRNAs,  may  be  potential  oncogenes  in  several  malignan¬ 
cies.  Our  previous  studies  indicated  that  the  Lin28/let-7 
double-negative  feedback  loop  regulates  AR-dependent 
signaling  in  human  CaP  and  that  let-7  miRNA  expression 
is  suppressed  in  most  cases  of  primary  and  castration- 
resistant  CaP.*’’ 

Lin28,  a  highly  conserved  RNA-binding  protein  and 
a  master  regulator  of  let-7  miRNA  processing,  is  overex¬ 
pressed  in  primary  human  tumors*’^  and  is  postulated  to  be 
one  of  the  embryonic  stem  cell  factors  that  promote  onco¬ 
genesis  and  proliferation  of  cancer  cells.'”  Lin28  binds  to 
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the  terminal  loops  of  the  precursors  of  let-7  family  miRNAs 
and  blocks  their  processing  into  mature  miRNAs."’'^  Lin28 
also  derepresses  c-Myc  by  repressing  let-7,  and  c-Myc 
activates  transcription  of  LinlsP''^'^  This  Lin28/let-7/c-Myc 
loop  may  play  an  important  role  in  the  deregulated  miRNA 
expression  signature  observed  in  many  cancers.'^ 

In  this  study,  we  hypothesized  that  Lin28  may  function  as 
a  prosurvival  factor  in  CaP.  To  test  this  hypothesis,  we  analyzed 
expression  levels  of  Lin28  in  human  CaP  samples  and  found 
that  Lin28  levels  are  up-regulated  in  CaP.  We  expressed  Lin28 
transiently  and  constitutively  in  LNCaP  human  CaP  cells 
and  found  that  Lin28  enhances  growth,  invasion,  and  soft 
agar  colony  formation.  Expression  of  Lin28  also  led  to  up- 
regulation  of  expression  of  AR  and  its  target  genes.  Constitu¬ 
tive  expression  of  Lin28  also  promoted  tumorigenicity  of 
LNCaP  cells  in  nude  mice.  Knockdown  of  endogenous 
Lin28  inhibited  expression  of  the  AR  and  led  to  reduced  levels 
of  cell  growth.  Taken  together,  these  data  demonstrate  the 
functional  importance  of  Lin28  in  human  CaP. 

Materials  and  Methods 

Cell  Lines,  Antibodies,  and  Other  Reagents 

LNCaP,  C4-2B,  and  DU  145  prostate  cancer  cell  lines  and  the 
PZ-HPV7  normal  prostate  epithelial  cell  line  were  purchased 
from  ATCC  (Manassas,  VA).  LNCaP-S17  and  LNCaP-lL6 
cell  lines  were  described  previously.*®  LNCaP  cells  stably 
expressing  Lin28  (LN-Lin28)  were  generated  by  transfection 
of  pLK0.1-Lin28  (Open  Biosystems,  Pittsburgh,  PA) 
into  LNCaP  cells.  Expression  of  Lin28  in  the  stable  trans- 
fectants  was  confirmed  by  Western  blot  analysis.  LNCaP 
cells  expressing  Tet-inducible  Lin28  (LN/TR/Lin28)  were 
generated  according  to  the  manufacturer’s  instructions  using 
the  ViraPower  Lentiviral  Transduction  System  (Invitrogen, 
Grand  Island,  NY).  Inducible  expression  of  Lin28  was 
confirmed  by  Western  blot  analysis  after  induction  with  0.5 
pg/mL  doxycycline  (Sigma,  St.  Louis,  MO).  Antibodies 
against  AR  and  tubulin  (AR-441  and  T5 168)  were  from  Santa 
Cruz  Biotechnologies  (Santa  Cruz,  CA),  and  Lin28  anti¬ 
bodies  (Ab-71415)  were  from  Abeam  (San  Lrancisco,  CA). 

Western  Blot  Analysis 

Cells  were  lysed  in  high  salt  buffer  containing  50  mmol/L 
HEPES  (pH  7.9),  250  mmol/L  NaCl,  1  mmol/L  EDTA,  1% 
NP-40,  1  mmol/L  phenylmethylsulfonyl  fluoride,  1  mmol/L 
Na  vanadate,  1  mmol/L  NaL,  and  protease  inhibitors  (Roche, 
Indianapohs,  IN),  as  previously  described.®  Total  protein  was 
estimated  using  the  Coomassie  Protein  Assay  Reagent  (Pierce, 
Rockford,  IL).  Equal  amounts  of  protein  were  loaded  onto  10% 
SDS-PAGE  and  transferred  to  nitrocellulose  membranes.  The 
membranes  were  blocked  with  5%  nonfat  milk  in  PBST  (1  x 
PBS  4-0.1%  Tween-20)  and  probed  with  primary  antibodies 
in  1%  bovine  serum  albumin.  The  signal  was  detected  by 
enhanced  chemiluminescence  (GE  Healthcare,  Waukesha,  WI) 


The  American  Journal  of  Pathology  ■  ajp.amjpathoL.org 


after  incubation  with  the  appropriate  horseradish  peroxidase 
conjugated  secondary  antibodies. 

Real-Time  RT-qPCR 

Total  RNAs  were  extracted  using  TRIzol  (Invitrogen)  and 
were  subjected  to  digestion  with  RNase-free  RQl  DNase 
(Promega,  Madison,  WI)  before  reverse  transcription.  The 
resultant  cDNAs  were  subjected  to  real-time  quantitative 
RT-PCR  (RT-qPCR)  using  SsoLast  Eva  Green  supermix 
(Bio-Rad,  Hercules,  CA),  as  described  previously.^  Each 
reaction  was  normalized  by  coamplification  of  actin.  Trip¬ 
licates  of  samples  were  run  on  default  settings  of  a  Bio-Rad 
CLX-96  real-time  cycler.  Sequences  of  primers  used  have 
been  published  previously. ®’^’*^ 

Clonogenic  Assays 

Anchorage-dependent  clonogenic  ability  assays  were  per¬ 
formed  as  described  previously.*^  At  the  end  of  the  exper¬ 
iment,  colonies  were  fixed  with  methanol,  stained  with 
crystal  violet,  and  counted. 

Soft-Agar  Colony  Formation  Assays 

Anchorage-independent  colony  formation  assays  were  per¬ 
formed  as  described  previously.^  At  the  end  of  the  experi¬ 
ment,  colonies  were  stained  with  0.005%  crystal  violet  and 
counted. 

Cell  Growth  Assays 

PZ-HPV7,  LNCaP,  C4-2B,  DU145,  LNCaP-S17,  LN- 
Lin28,  and  LN/TR/Lin28  cells  were  plated  in  12-well  plates 
in  triplicate,  and  viable  cell  numbers  were  determined  at  0, 
24,  and  48  hours  using  a  Coulter  cell  counter  (Beckman 
Coulter,  Brea,  CA). 

Invasion  Assays 

Boyden  chamber  invasion  assays  were  performed  as 
described  previously.*^  Briefly,  1  x  10®  cells  were  plated  in 
defined  medium  on  Matrigel-coated  cell  culture  inserts  (BD 
Biosciences,  San  Jose,  CA),  with  complete  medium  in  the 
lower  chamber.  After  incubation  at  37°C  for  48  hours,  unin¬ 
vaded  cells  were  scraped  off,  the  membrane  inserts  were 
washed  and  stained,  and  invaded  cells  on  the  lower  surface 
were  counted. 

Animals 

Male  nude  mice  (aged  6  to  8  weeks)  were  maintained  in  the 
Animal  Lacility  at  University  of  Cahfornia  (UC)  Davis  Medical 
Center  (Sacramento).  All  experimental  procedures  using 
animals  were  approved  by  the  Institutional  Animal  Care  and 
Use  Committee  of  UC  Davis.  Cells  (2  x  10®  per  flank)  were 
injected  s.c.  into  both  flanks,  and  tumors  were  allowed  to  grow. 
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Tumors  were  measured  twice  weekly.  At  the  end  of  the 
experiments,  tumors  were  excised  and  sera  were  collected  for 
measurement  of  prostate-specific  antigen  (PSA). 

Measurement  of  PSA 

PSA  levels  were  measured  in  the  culture  supernatants  and 
mouse  sera  using  enzyme-linked  immunosorbent  assay 
(ELISA;  United  Biotech  Inc.,  Mountain  View,  CA), 
according  to  the  manufacturer’s  instructions. 

Human  CaP  Specimens 

The  paired  benign  and  tumor  prostate  tissues  used  for  RT- 
qPCR  of  Lin28  were  previously  described. The  protein 
extracts  from  human  prostate  specimens  used  for  Western  blot 
analysis  of  Lin28  were  previously  described. Immuno- 
histochemical  (IHC)  staining  of  Lin28  was  performed  using 
a  TMA  PROS-006  obtained  from  UC  Davis  Comprehensive 
Cancer  Center  Biorepository.  Staining  was  performed  by  the 
pathology  core  facility,  and  staining  intensity  was  scored  on 
a  scale  of  0  to  3  (0,  negative;  1,  weak;  2,  strong;  and  3,  very 
strong).  Brown  color  was  considered  positive  staining  for 
Lin28,  and  nuclear  staining  was  denoted  by  blue  color. 

Statistical  Analysis 

Data  are  shown  as  means  ±  SD.  Multiple-group  comparison 
was  performed  by  one-way  analysis  of  variance.  P  <  0.05 
was  considered  significant. 

Results 

Lin28  Is  Overexpressed  in  Clinical  Prostate  Cancer 
Specimens 

To  determine  the  relative  levels  of  expression  of  Lin28  in 
human  CaP  compared  to  benign  prostates,  we  examined 
RNAs  from  10  paired  benign  and  tumor  human  CaP  samples 
by  RT-qPCR.  Expression  levels  of  Lin28  were  found  to  be 
significantly  elevated  in  9  of  10  pairs  of  matched  benign  and 
tumor  prostate  specimens  (Figure  1  A).  Extracts  from  archived 
human  clinical  prostatectomy  specimens  were  also  examined 
for  expression  of  Lin28  by  Western  blot  analysis.  The  data  set 
contains  42  matched  benign  and  cancer  specimens,  and 
expression  levels  of  Lin28  were  higher  in  cancer  tissues  (86% 
positive  and  14%  negative)  compared  to  matched  benign 
prostate  tissues  (47%  positive  and  53%  negative)  (Figure  IB). 
IHC  was  performed  in  formalin-fixed,  paraffin-embedded 
prostate  clinical  specimens  in  a  TMA  PROS-006  (UC  Davis 
Cancer  Center  Biorepository)  with  Lin28  antibody  (Ab- 
7 1415^^),  and  staining  intensity  was  scored  over  a  scale  of  0  to 
3  (0,  negative;  1,  weak;  2,  strong;  and  3,  very  strong).  Lin28 
was  expressed  in  both  nuclear  and  cytoplasmic  compart¬ 
ments,  with  no  significant  differences  in  the  pattern  of 
expression  with  increasing  Gleason  grade  (Figure  1C).  We 
observed  strong  nuclear  staining  of  Lin28  in  benign  prostate 
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Figure  1  L1n28  1s  overexpressed  in  human  prostate  cancer.  A:  RT  qPCR 

analysis  of  Lin28  expression  in  10  paired  benign  and  tumor  CaP  tissues. 
Data  are  presented  as  means  ±  SD  of  two  experiments  performed  in  trip 
licate.  *P  <  0.05.  Lin28  mRNA  expression  Levels  were  higher  in  cancer 
tissues  compared  to  matched  benign  tissues.  B:  Western  blot  analysis  of 
Lin28  expression  in  42  paired  benign  (B)  and  tumor  (T)  samples.  Repre 
sentative  Western  blot  analysis  is  shown.  The  table  summarizes  the  results 
of  Lin28  protein  expression  levels  in  the  data  set.  C:  IHC  analysis  of  Lin28 
expression  in  benign  and  cancer  CaP  tissues.  Brown  staining  represents 
positive  staining  for  expression  of  Lin28.  Original  magnification,  x200. 


tissues  almost  exclusively  in  the  basal  cell  layer,  with  no 
staining  in  the  luminal  epithelial  compartment.  In  contrast,  an 
apparent  shift  from  mostly  nuclear  localization  in  benign 
prostate  to  a  nuclear  +  cytoplasmic  or  mostly  cytoplasmic 
localization  appeared  to  occur  in  CaP  (Table  1).  Docu¬ 
mentation  of  staining  specificity  for  IHC  is  presented  in 
Supplemental  Figure  S 1 . 
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Table  1  Summary  of  IHC  Results  for  Lin28  in  TMA  PROS-006 


No.  of  cores 

Benign 
(n  =  19) 

Gleason  6 
(n  =  29) 

Gleason  7-8 
(n  =  26) 

Nuclear  alone 

12  (63) 

1(3) 

0(0) 

Nuclear  -i-  cytoplasmic 

4(21) 

17  (58) 

11  (42) 

Cytoplasmic  alone 

3(15) 

11  (38) 

15  (57) 

Data  are  given  as  number  (percentage). 


Lin28  Enhances  Growth  of  Prostate  Cancer  Cells 

To  test  whether  Lin28  activates  a  prosurvival  mechanism  in 
CaP  cells,  we  transfected  Lin28  into  a  panel  of  CaP  cell 
lines  (LNCaP,  C4-2B,  DU145,  LNCaP-S17,  and  LNCaP- 
IL6)  and  a  nontumorigenic  prostate  epithelial  cell  line  (PZ- 
HPV7).  Lin28  enhanced  the  growth  rate  of  all  CaP  cell  lines 
tested  (Figure  2A).  To  confirm  these  results,  LNCaP  and 
C4-2B  cells  stably  expressing  Lin28  (LN-Lin28  and  C4-2B- 
Lin28)  were  generated,  and  growth  characteristics  were 
examined.  Compared  to  control  LNCaP  cells  expressing  the 
empty  vector  (LN-neo  and  C4-2B-neo),  LN-Lin28  and  C4- 
2B-Lin28  cells  exhibited  faster  growth  rates  (Figure  2,  B 
and  C),  suggesting  that  Lin28  promotes  growth  of  prostate 
cancer  cells  in  vitro. 

To  examine  the  effects  of  down-regulation  of  Lin28  on 
CaP  growth,  lentiviral  vector-driven  shRNA  against  Lin28 
(Open  Biosystems)  was  transfected  into  C4~2B  cells,  and 
cell  growth  was  monitored.  C4-2B  cells  transfected  with 
Lin28  shRNA  exhibited  lower  rates  of  growth,  compared  to 
cells  transfected  with  shRNA  against  enhanced  green  fluo¬ 
rescent  protein  (EGFP)  (Figure  3).  Down-regulation  of 
Lin28  was  confirmed  by  Western  blot  analysis  (Figure  3). 
These  data  demonstrated  that  down-regulation  of  Lin28 
reduces  proliferation  of  CaP  cells. 

Lin28  Increases  Clonogenic  Ability  of  LNCaP  Cells 

To  test  whether  Lin28  influences  the  ability  of  CaP  cells  to 
form  colonies  in  anchorage-dependent  and  anchorage- 
independent  conditions,  we  performed  clonogenic  assays 
by  transiently  transfecting  Lin28  into  C4-2B  and  LNCaP- 
S17  cells.  The  results  showed  that  the  number  of  colonies 
formed  by  C4-2B  cells  expressing  Lin28  was  356  ±  14, 
whereas  the  number  of  colonies  formed  by  control  C4-2B 
cells  was  182  ±  10  (Figure  4A).  Similarly,  the  number  of 
colonies  formed  by  LNCaP-S17  cells  expressing  Lin28  was 
392  ±  19,  whereas  the  number  of  colonies  formed  by 
control  LNCaP-S17  cells  was  212  ±  15  (Figure  4A).  These 
experiments  were  confirmed  using  LN-Lin28  cells  (LNCaP 
cells  stably  expressing  Lin28),  which  exhibited  a  3.4-fold 
increase  in  colony-forming  ability  compared  to  LN-neo 
cells  (228  ±  21  versus  67  ±  13  colonies)  (Figure  4B). 
These  results  were  also  confirmed  using  LN/TR/Lin28  cells 
(LNCaP  cells  expressing  tet-inducible  Lin28),  which 
exhibited  higher  clonogenic  ability  compared  to  control  LN/ 
TR/Con  cells  upon  doxycycline  induction  (Figure  4B). 
Collectively,  these  findings  suggest  that  Lin28  enhances 


the  ability  of  prostate  cancer  cells  to  form  colonies  in 
anchorage-dependent  conditions. 

To  further  test  whether  Lin28  regulates  anchorage- 
independent  growth  of  CaP  cells,  we  performed  soft  agar 
colony  formation  assays  with  C4-2B  and  LNCaP-S17  cells 
transfected  with  Lin28,  as  described  in  Materials  and 
Methods.  The  results  showed  that  Lin28  promoted  the 
growth  of  both  C4-2B  (Figure  3C)  and  LNCaP-S17 
(Figure  4C)  cells  in  soft  agar,  compared  to  control  C4-2B  or 
LNCaP-S17  cells  transfected  with  the  empty  vector.  Simi¬ 
larly,  LN-Lin28  cells  exhibited  significantly  better  ability  to 
grow  in  soft  agar,  whereas  control  LN-neo  cells  failed  to 


Figure  2  b'n28  promotes  growth  of  CaP  cells.  A:  LNCaP,  PZ  HPV7,  C4 

2B,  DU145,  LNCaP  S17,  and  LNCaP  IL6  cells  were  transfected  with  empty 
vector  or  pLKO.l  Lin28,  and  growth  was  monitored  at  0,  24,  and  48  hours. 
Lin28  enhanced  growth  rates  of  all  cell  lines  tested.  B:  LNCaP  cells  stably 
expressing  Lin28  (LN  Lin28),  and  control  (Con)  LN  neo  cells  were  plated  in 
media  containing  complete  FBS  and  growth  was  monitored  at  0,  24, 48,  and 
72  hours.  Left  paneL  Lin28  enhanced  the  growth  of  LNCaP  cells.  Right 
paneL  The  expression  levels  of  Lin28  in  LN  Lin28  and  LN  neo  cells.  C:  Left 
paneL  C4  2B  celts  stably  expressing  Lin28  (C4  2B  Lin28),  and  control 
C4  2B  neo  cells  were  plated  in  media  containing  complete  FBS  and  growth 
was  monitored  at  0,  24,  48,  and  72  hours.  Right  panel;  The  expression 
levels  of  Lin28  in  C4  2B  Lin28  and  C4  2B  neo  cells.  Data  are  presented  as 
means  ±  SD  of  three  experiments  performed  in  triplicate. 
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Figure  3  Down  regulation  of  endogenous  Lin28  suppresses  CaP  cell 
growth.  C4  2B  cells  were  transfected  with  shRNA  against  L1n28,  and  growth 
was  measured  in  media  containing  complete  FBS.  Left  panel:  Growth  of 
C4  2B  cells  was  abrogated  with  down  regulation  of  Lin28.  Right  panel: 
Reduced  expression  of  Lin28  protein  after  transfection  with  shRNA.  Data 
are  presented  as  means  ±  SD  of  three  experiments  performed  in  triplicate. 


grow  in  soft  agar  (Figure  4D),  demonstrating  that  Lin28 
confers  soft  agar  colony-forming  ability  on  CaP  cells. 


Lin28  Increases  Invasiveness  of  LNCaP  Cells 

To  test  whether  Lin28  regulates  the  ability  of  CaP  cells  to 
invade  through  Matrigel  in  vitro,  we  performed  Boyden 
chamber  invasion  assays  using  LN-Lin28  and  control  LN- 
neo  cells.  Cells  were  plated  on  Matrigel  in  the  upper 
compartment  of  the  Boyden  chamber  and  allowed  to  invade 
toward  the  lower  compartment  filled  with  complete  medium 
containing  complete  fetal  bovine  serum  (FBS)  or  charcoal 
dextran-stripped  FBS  (CS-FBS).  The  number  of  LN-Lin28 
cells  invading  through  Matrigel  in  FBS -containing 
medium  was  118  ±  10,  whereas  the  number  of  control 
cells  invading  through  Matrigel  was  60  ±  5  (Figure  4D). 
Similarly,  the  number  of  LN-Lin28  cells  invading  through 
Matrigel  in  CS-FBS  containing  medium  was  54  ±  6, 
whereas  the  number  of  control  cells  was  4  ±  2  (Figure  4D), 
indicating  that  Lin28  induces  invasion  of  CaP  cells  through 
basement  membrane  in  vitro. 


Lin28  Promotes  Tumorigenidty  of  CaP  Cells  in  Vivo 

To  test  whether  the  growth-promoting  effect  of  Lin28  can 
be  recapitulated  in  vivo,  we  injected  2  x  10®  LN-Lin28  cells 
or  control  LN-neo  cells  s.c.  into  each  flank  of  male  nude 
mice  and  monitored  their  tumorigenic  ability.  Tumors  were 
measured  twice  weekly,  and  serum  samples  were  collected 
at  the  end  of  the  experiment  to  confirm  that  the  tumor  cells 
secreted  PSA.  We  found  that  mice  injected  with  LN-Lin28 
cells  exhibited  significantly  higher  rates  of  incidence  and 
growth  of  tumors  compared  to  control  LN-neo  cells,  which 
formed  slow-growing  tumors  (Figure  5A).  Higher  levels  of 
secretion  of  PSA  were  observed  in  mice  bearing  tumors 
expressing  Lin28  compared  to  mice  bearing  control  tumors 
(Figure  5B).  Total  RNA  and  protein  extracts  from  the 
tumors  were  examined  for  expression  levels  of  Lin28  and 
AR.  Lin28  was  highly  expressed  in  the  tumors,  which  was 
correlated  positively  with  expression  levels  of  AR 
(Figure  5C),  indicating  that  higher  expression  of  Lin28 


enhances  expression  of  AR  and  promotes  tumor  growth  of 
LNCaP  human  CaP  cells  in  vivo. 

Lin28  Activates  Androgen  Receptor  Signaling  Axis 

As  we  previously  reported  that  hsa-let-7c,  an  miRNA 
regulated  by  Lin28,  suppressed  expression  of  the  AR,®  we 
examined  whether  Lin28  regulates  expression  of  the  AR. 
We  transfected  a  luciferase  reporter  vector  driven  by  the 
full-length  promoter  of  AR  (pGL4-AR-Prom-Luc)  into  LN- 
neo  and  LN-Lin28  cells  and  performed  luciferase  assays. 
LN-Lin28  cells  exhibited  higher  levels  of  activation  of  AR 
promoter  compared  to  control  cells  (Figure  6A),  indicating 
that  Lin28  may  activate  transcription  of  the  AR  gene.  Next, 
we  analyzed  the  mRNA  levels  of  AR  in  LN-neo  and  LN- 
Lin28  cells  and  found  that  LN-Lin28  cells  exhibited 
significantly  higher  levels  of  AR  mRNA  (Figure  6A). 
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Figure  4  Lin28  promotes  clonogenic  ability  of  CaP  cells.  A:  C4  2B  and 
LNCaP  S17  cells  were  transfected  with  empty  vector  or  pLKO.l  Lin28,  and 
anchorage  dependent  clonogenic  assays  were  performed.  Lin28  enhanced 
the  colony  forming  ability  of  both  C4  2B  and  LNCaP  S17  cells.  B:  LN  Lin28 
and  control  (Con)  LN  neo  cells  were  subjected  to  clonogenic  assays.  Lin28 
expressing  LNCaP  cells  exhibited  higher  clonogenic  ability  compared  to 
control  cells.  LN/TR/Lin28  (LNCaP  cells  expressing  Lin28  under  a  Tet 
inducible  promoter)  and  LN/TR/Con  cells  were  subjected  to  clonogenic 
assays  in  media  containing  either  complete  FBSorCS  FBS.  Induction  of  Lin28 
expression  by  doxycycline  (DOX)  enhanced  colony  formation  of  LN/TR/Lin28 
cells  compared  to  control  cells.  C:  C4  2  Band  LNCaP  S17  cells  were  transfected 
with  empty  vector  or  pLKO.l  Lin28  and  subjected  to  anchorage  independent 
soft  agar  colony  formation  assays.  Lin28  expression  increased  the  number  of 
colonies  formed  in  soft  agar  by  both  cell  lines.  D:  Left  panel:  LN  Lin28  and 
control  LN  neo  cells  were  subjected  to  soft  agar  assays.  LN  Lin28  cells  were 
able  to  form  more  colonies  in  soft  agar  compared  to  LN  neo  cells.  Right 
panel:  Lin28  increases  invasiveness  of  CaP  cells.  LN  Lin28  and  LN  neo  cells 
were  subjected  to  Boyden  chamber  invasion  assays.  Inset:  Representative 
images  of  invading  cells.  Data  are  presented  as  means  ±  SD  of  three  exper 
iments  performed  in  triplicate.  *P  <  0.05. 
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Figure  5  Lin28  promotes  tumor  growth  of  CaP  xenografts.  A:  Cells  (2  x 
10®  per  flank  of  LN  L1n28  or  LN  neo)  were  injected  s.c.  into  both  flanks  of  male 
nude  mice,  and  tumor  growth  was  monitored.  B;  Secretion  of  PSA  by  the  CaP 
xenografts  was  measured  in  the  mouse  serum  samples.  Tumors  expressing 
Lin28  secreted  more  PSA  compared  to  the  control  tumors.  C:  Higher  expres 
sion  levels  of  Lin28  (left  panel)  and  AR  (right  panel)  were  confirmed  by  RT 
qPCR  in  total  RNAs  from  xenograft  tissues.  *P  <  0.05. 


These  results  were  confirmed  by  Western  blot  analysis 
(Figure  6B).  To  determine  whether  down-regulation  of 
Lin28  affects  the  expression  of  AR,  we  transfected  shRNA 
against  Lin28  into  C4-2B  cells  and  analyzed  the  protein 
levels  of  AR  by  Western  blot  analysis.  The  results  showed 
that  down-regulation  of  Lin28  led  to  a  decrease  in  protein 
levels  of  AR  (Figure  6B),  suggesting  that  Lin28  expression 
is  necessary  for  maintenance  of  AR  expression  in  CaP  cells. 

To  determine  whether  Lin28  regulates  AR-dependent 
signaling,  we  analyzed  the  expression  levels  of  PSA  and 
NKX3.1,  two  typical  AR  target  genes,  in  LN-neo  and  LN- 
Lin28  cells  by  RT-qPCR.  The  results  showed  that  expres¬ 
sion  levels  of  PSA  and  NKX3.1  were  enhanced  in  LN-Lin28 
cells  (Figure  6C).  We  analyzed  the  effect  of  Lin28  on  the 
transactivating  ability  of  AR  using  luciferase  assays.  A 
luciferase  reporter  vector  driven  by  the  full-length  promoter 
of  PSA  (PSA-E/P-Luc)  was  transfected  into  LN-neo  and 
LN-Lin28  cells,  and  luciferase  assays  were  performed.  The 
results  showed  that  Lin28  induced  the  activity  of  PSA 
promoter  (Figure  6D),  indicating  that  Lin28  may  contribute  to 
increased  transcription  of  AR-dependent  genes  by  activating 
the  AR.  To  confirm  these  findings,  we  analyzed  levels  of  PSA 
in  supernatants  of  LN-neo  and  LN-Lin28  cells  by  ELISA  and 
found  that  secretion  of  PSA  by  LN-Lin28  cells  was  higher 


compared  to  LN-neo  cells  (Eigure  6D).  We  also  examined  the 
effect  of  Lin28  on  recruitment  of  AR  to  the  promoters  of  PSA 
and  NKX3. 1  genes  by  chromatin  immunoprecipitation  assays . 
The  results  showed  that  recruitment  of  AR  to  AR-responsive 
element  (ARE)  I/II  and  ARE  III  regions  in  PSA  (Eigure  6E), 
and  ARE  in  NKX3.1  (Eigure  6E)  promoters,  was  enhanced 
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Figure  6  Lin28  enhances  expression  and  activation  of  the  AR.  A: 
LN  Lin28  and  LN  neo  cells  were  transfected  with  pGL4  AR  Prom  Luc,  and 
luciferase  activities  were  measured.  Activity  of  the  full  length  promoter  of  AR 
was  increased  in  Lin28  expressing  cells.  RT  qPCR  assays  showing  the  increase 
in  AR  mRNA  expression  in  Lin28  expressing  LNCaP  cells.  B:  Western  blot 
analysis  showing  the  increase  in  AR  protein  expression  in  LN  Lin28  cells 
compared  to  LN  neo  cells.  C4  2B  cells  were  transfected  with  shRNA  against 
Lin28,  and  protein  expression  of  AR  was  analyzed.  Down  regulation  of  Lin28 
by  shRNA  reduced  the  expression  of  AR.  C:  Expression  levels  of  AR  target 
genes,  PSA  and  NKX3.1,  were  measured  by  RT  qPCR  in  LN  neo  and  LN  Lin28 
cells.  mRNA  levels  of  both  genes  were  increased  in  Lin28  expressing  cells 
compared  to  control  (Con)  cells.  D:  LN  Lin28  and  LN  neo  cells  were  trans 
fected  with  PSA  E/P  Luc,  and  luciferase  activities  were  measured.  Left  panel: 
Activation  of  PSA  promoter  was  enhanced  in  Lin28  expressing  cells  compared 
to  control  cells.  Right  panel:  Secretion  of  PSA  by  LN  Lin28  and  LN  neo  cells 
with  measured  by  ELISA.  Levels  of  PSA  secreted  by  Lin28  expressing  cells  were 
higher  than  control  cells.  Data  are  presented  as  means  ±  SD  of  three  exper 
iments  performed  in  triplicate.  *P<  0.05.  E:  Recruitmentof  ARto  the  AREI/II 
and  ARE  III  regions  of  PSA  promoter  and  ARE  in /V/(X3. 2  promoter  was  analyzed 
by  chromatin  immunoprecipitation  assays.  Expression  of  Lin28  enhanced 
recruitment  of  AR  to  AREs  in  target  gene  promoters.  IP,  immunoprecipitation; 
RLU,  relative  light  units. 
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in  Lin28-expressing  cells  compared  to  controls.  Taken 
together,  these  results  demonstrate  that  Lin28  activates  the 
AR  signaling  axis. 

Discussion 

Lin28  is  an  RNA-binding  protein  postulated  to  he  overex¬ 
pressed  in  several  malignancies. Lin28  controls  the 
biogenesis  of  let-7  miRNAs^^’^^  and  is  one  of  the  pluripo- 
tency  factors  that  are  responsible  for  the  reprogramming  of 
differentiated  cells  to  stem  cell  like.^^  In  this  study,  we 
showed  that  Lin28  is  overexpressed  in  human  CaP  com¬ 
pared  to  benign  tissues,  promotes  growth  of  human  CaP 
cells  in  vitro,  and  enhances  growth  of  CaP  xenografts.  To 
our  knowledge,  this  is  the  first  report  demonstrating  the  role 
of  Lin28  in  CaP  cell  proliferation  and  the  ability  of  Lin28  to 
promote  prostate  tumor  growth. 

Lin28  was  originally  identified  as  a  key  regulator  of 
developmental  timing  in  C.  elegans?^  It  is  a  conserved 
cytoplasmic  protein,  but  on  export  to  the  nucleus,  regulates 
the  translation  or  stability  of  mRNAs.^^  In  mammals,  Lin28  is 
widely  expressed  in  early  development  and  in  stem  cells,  but 
its  expression  is  down-regulated  with  differentiation  and  is 
absent  in  most  adult  tissues. On  the  other  hand,  Lin28  is 
up-regulated  in  human  tumors  and  promotes  transformation 
and  tumor  progression.*  Depletion  of  Lin28  and  expression  of 
let-7  suppress  bone  metastasis.'"*  Lin28B,  a  homologue  of 
Lin28,  is  overexpressed  in  hepatocellular  carcinoma,  and 
exogenous  Lin28B  promotes  cancer  cell  proliferation.** 
Lin28B  plays  an  important  role  in  Myc-dependent  cellular 
proliferation.*"'  Several  recent  reports  demonstrated  that 
Lin28  expression  correlates  with  survival  of  patients  with 
malignant  diseases.**  In  ovarian  cancer,  patients  with  high 
Lin28B  expression  had  shorter  progression-free  and  overall 
survival  times  than  those  with  low  Lin28B  expression.**  High 
Lin28B  staining  intensity  in  stage  I/II  colon  cancers  correlated 
with  reduced  survival  and  increased  probability  of  tumor 
recurrence.**  A  correlation  between  high  expression  of  Lin28 
and  Lin28B  and  poor  prognosis  of  patients  with  esophageal 
cancers  was  reported.**  Collectively,  these  reports  emphasize 
the  importance  of  Lin28  in  development  and  cellular  trans¬ 
formation  and  as  a  potential  oncogene.  Our  current  findings 
that  Lin28  promotes  CaP  growth  in  vitro  and  in  vivo  are  in 
accordance  with  the  studies  described  herein  and  provide 
novel  evidence  for  the  role  of  Lin28  in  prostate  cancer. 

We  observed  strong  nuclear  staining  of  Lin28  in  benign 
prostate  tissues  almost  exclusively  in  the  basal  cell  layer, 
with  no  staining  in  the  luminal  epithelial  compartment.  This 
can  be  explained  by  the  following:  Lin28  is  highly  expressed 
in  progenitor  cells,  and  the  basal  cell  compartment  is 
generally  considered  to  harbor  putative  prostate  stem  cells. 
Thus,  it  is  conceivable  that  the  benign  prostate  gland  exhibits 
high  expression  of  Lin28  in  the  basal  cell  layer.  An  apparent 
shift  from  mostly  nuclear  localization  in  benign  prostate  to 
a  nuclear  +  cytoplasmic  or  mostly  cytoplasmic  localization 
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appears  to  occur  in  CaP,  which  would  have  to  be  confirmed 
by  further  studies  with  a  larger  sample  size. 

We  have  demonstrated  increased  levels  of  Lin28  in  human 
prostate  tumors,  which  may  likely  result  from  the  activation  of 
c-Myc.*®  c-Myc  is  a  known  target  of  let-7  miRNAs  and  also 
a  transcriptional  target  of  STAT3  and  NF-KB2/p52,  which  we 
have  already  shown  to  be  constitutively  activated  in  prostate 
tumors.**’**  Alternatively,  up-regulation  of  Lin28  in  human 
CaP  may  occur  due  to  stabilization  of  its  mRNA  owing  to 
suppression  of  let-7  miRNAs.  Our  earlier  studies  showed  that 
the  double-negative  feedback  loop  between  let-7  and  Lin28, 
encompassing  c-Myc,  likely  plays  a  major  role  in  prostate 
carcinogenesis.®’*  Recent  evidence  suggests  that  Lin28 
does  not  rely  solely  on  its  regulation  of  let-7  miRNA  bio¬ 
genesis,  but  also  modulates  gene  expression  by  altering 
translation**’*^  and  by  modulating  levels  of  splicing  factors 
involved  in  alternative  splicing  of  mature  transcripts.""*  Lin28 
may  regulate  expression  of  prosurvival  genes  in  CaP  via  one 
of  these  mechanisms.  As  Lin28  is  being  increasingly  impli¬ 
cated  in  critical  cellular  processes,  including  development, 
transformation,  and  maintenance  of  stem  cell  signatures,  the 
need  to  fully  elucidate  its  multiple  mechanisms  of  action 
becomes  urgent  to  exploit  its  potential  as  a  therapeutic  target 
in  human  CaP. 

In  summary,  we  have  shown  that  Lin28  is  overexpressed 
in  prostate  carcinomas  and  promotes  prostate  tumor  growth. 
Lin28  also  activates  AR-dependent  signaling  and  enhances 
growth  of  human  CaP  cells.  These  findings  underline  the 
multifactorial  nature  of  Lin28  and  present  it  as  an  attractive 
target  for  therapeutic  intervention  in  CaP. 
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Abstract 

Resistance  of  prostate  cancer  celb  to  the  next  generation  antiandrogen  enzalutamide  may  be  mediated 
by  a  multitude  of  survival  signaling  pathways.  In  this  study,  we  tested  whether  increased  expression  of 
NF  KB2/p52  induces  prostate  cancer  cell  resistance  to  enzalutamide  and  whether  this  response  is  mediated 
by  aberrant  androgen  receptor  (AR)  activation  and  AR  splice  variant  production.  LNCaP  cells  stably 
expressing  NF  KB2/p52  exhibited  higher  survival  rates  than  controls  when  treated  with  enzalutamide.  C4 
2B  and  CWR22Rvl  cells  chronically  treated  with  enzalutamide  were  found  to  express  higher  levels  of  NF 
icB2/p52.  Downregulation  of  NF  KB2/p52  in  CWR22Rvl  cells  chronically  treated  with  enzalutamide 
rendered  them  more  sensitive  to  cell  growth  inhibition  by  enzalutamide.  Analysis  of  the  expression  levels 
of  AR  splice  variants  by  quantitative  reverse  transcription  PCR  and  Western  blotting  revealed  that  LNCaP 
cells  expressing  p52  exhibit  higher  expression  of  AR  splice  variants.  Downregulation  of  expression  of  NF 
KB2/p52  in  VCaP  and  CWR22Rvl  cells  by  short  hairpin  RNA  abolished  expression  of  splice  variants. 
Downregulation  of  expression  of  either  full  length  AR  or  the  splice  variant  AR  V7  led  to  an  increase  in 
sensitivity  of  prostate  cancer  cells  to  enzalutamide.  These  results  collectively  demonstrate  that  resistance 
to  enzalutamide  may  be  mediated  by  NF  KB2/p52  via  activation  of  AR  and  its  splice  variants.  Mol  Cancer 
Ther;  12(8);  1629  37.  ©2013  AACR. 


Introduction 

Localized  prostate  cancer  is  dependent  on  androgens, 
and  the  majority  of  patients  respond  to  androgen  abla¬ 
tion.  However,  virtually  every  patient  will  develop 
castration-resistant  prostate  cancer  (CRPC)  and  no  lon¬ 
ger  respond  to  androgen  deprivation  therapy  (ADT). 
Persistent  androgen  receptor  (AR)  activation  remains  an 
important  player  in  CRPC  progression.  CRPC  cells  often 
continue  to  express  AR  and  AR  axis  genes  (1,  2),  imply¬ 
ing  that  the  AR  is  active  in  AR-positive  CRPC  cells.  Such 
observations  form  the  basis  for  continued  attempts  to 
target  the  AR  axis  and  for  the  development  of  next- 
generation  antiandrogens  such  as  enzalutamide  (for¬ 
merly  MDV3100).  Enzalutamide  binds  to  the  AR  with 
greater  affinity  than  bicalutamide  and  inhibits  its  nucle¬ 
ar  tTcmslocation  and  expression  of  its  target  genes  (3). 
Despite  initial  success,  development  of  resistance  is  a 
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contraindication  for  its  use  in  many  patients,  and  as 
demographics  change,  an  increasing  munber  of  patients 
are  likely  to  develop  resistance  to  enzalutamide.  The 
mechanisms  leading  to  resistance  have  been  poorly 
understood,  even  though  a  recent  report  showed  that 
AR  sphce  variants  play  a  major  role  in  development 
of  resistance  (4).  AR  splice  variants  lack  the  hgand- 
binding  domain  targeted  by  enzalutamide  and  variants 
such  as  AR-V7  are  postulated  to  be  constitutively  active. 
The  mechanistic  aspects  of  regulation  of  variant  expres¬ 
sion  leading  to  resistance  against  enzalutamide  are 
unknown.  Therefore,  an  urgent  need  exists  to  fully 
understand  the  mechanisms  of  resistance  and  to  devise 
ways  to  overcome  them. 

The  classical  NF-kB  pathway  involving  the  p65/p50 
heterodime'  has  been  shown  to  be  constitutively  activated 
in  seveal  cancers  including  prostate  cance  (5).  The  non- 
canonical  NF-kB  pathway  involves  the  processing  of  plOO 
to  NF-KB2/p52  via  the  recruitment  of  NF-kB  inducing 
kinase  (NIK)  and  subsequent  activation  of  IkB  kinase  a 
(IKKa).  The  processing  of  plOO  to  p52  is  a  tightly  con¬ 
trolled  event  in  many  cells  and  tissues  (6  9).  The  func¬ 
tional  significance  of  plOO  processing  has  been  confirmed 
by  genetic  evidence  from  humans  and  mice  (10).  Over¬ 
production  of  p52  has  been  observed  in  several  solid 
tumors  including  breast  and  prostate  cancers  (11,  12). 
Our  previous  studies  showed  that  NF-KB2/p52  induces 
castration-resistant  growth  in  LNCaP  cells  (13),  that  sev¬ 
eral  genes  involved  in  prcKesses  such  as  cell  growth. 
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proliferation,  cell  movement  are  potential  targets  of  NF- 
KB2/p52  (14),  and  that  NF-KB2/p52  induces  aberrant 
activation  of  the  AR  in  a  ligand-independent  manner  and 
thus  promotes  castration  resistance  (15). 

In  this  study,  we  report  that  NF-KB2/p52  promotes 
resistance  of  prostate  cancer  cells  to  enzalutamide.  We 
show  that  increased  resistance  of  prostate  cancer  cells 
expressing  p52  to  enzalutamide  may  be  mediated  by 
induction  of  AR  splice  variants  (such  as  AR-V7)  and  by 
activation  of  the  AR  axis  by  p52. 

Materials  and  Methods 

Cell  lines  and  reagents 

LNCaP,  CWR22Rvl,  and  VCaP  cells  were  obtained 
from  the  American  Type  Culture  Collection  (ATCC). 
All  experiments  with  cell  lines  were  performed  within 
6  months  of  receipt  from  ATCC  or  resuscitation  after 
cryopreservation.  ATCC  uses  short  tandem  repeat  (STR) 
profiling  for  testing  and  authentication  of  cell  lines.  C4-2B 
cells  were  kindly  provided  and  authenticated  by  Dr. 
Leland  Chung,  Cedars-Sinai  Medical  Center,  Los  Angeles, 
CA.  Cells  were  cultured  in  RPMl  containing  either  10% 
complete  FBS  or  10%  charcoal/dextran-stripped  FBS 
(CS-FBS)  and  penicillin/streptomycin.  LNCaP  passage 
numbers  less  than  20  were  used  throughout  the  study. 
VCaP  cells  were  cultured  in  Dulbecco's  Modified  Eagle 
Medium  (DMEM)  supplemented  with  10%  EBS.  NE-kB2/ 
p52  (K-27),  AR  (441;  mouse  monoclonal),  hemagglutinin 
(HA),  and  tubulin  antibodies  were  purchased  from  Santa 
Cruz  Biotechnologies.  Antibodies  against  AR-V7  splice 
variant  were  kindly  provided  by  Dr.  Jun  Luo  (Depart¬ 
ment  of  Urology,  Johns  Hopkins  University,  Baltimore, 
MD).  All  other  reagents  were  of  analytical  grade  and 
obtained  from  local  suppliers.  Sso  East  Eva  Green  qPCR 
Supermix  was  from  Bio-Rad. 

Generation  of  stable  cell  lines 

Stable  cell  lines  of  LNCaP  expressing  NP-kB2/ p52  (LN- 
p52)  were  generated  by  transfection  of  plasmids  contain¬ 
ing  the  cDNA  and  selection  of  clones  after  application  of 
selective  pressure  with  appropriate  antibiotics.  LNCaP 
cells  expressing  p52  under  the  control  of  a  tetracycline- 
inducible  cassette  (LN/TR/ p52)  were  generated  using  the 
ViraPower  lentiviral  transduction  system  (Invitrogen). 

Cell  growth  assays 

Cells  were  transfected  with  plasmids  or  treated  with  the 
indicated  reagents,  and  viable  cell  numbers  were  deter¬ 
mined  at  various  time  points  using  a  Coulter  cell  counter. 

Western  blot  analysis 

Cells  were  lysed  in  high-salt  buffer  containing  50 
mmol/L  HEPES,  pH  7.9,  250  mmol/L  NaCl,  1  mmol/L 
EDTA,  1%  NP-40, 1  mmol/L  phenylmethylsulfonylfluor- 
ide  (PMSE),  1  mmol/L  Na  vanadate,  1  mmol/L  NaE, 
and  protease  inhibitor  cocktail  (Roche)  as  described 
earlier  (16).  Total  protein  was  estimated  using  the  Coo- 
massie  Protein  Assay  Reagent  (Pierce).  Equal  amounts  of 


protein  were  loaded  on  10%  SDS-PAGE  and  transferred  to 
nitrocellulose  membranes.  The  membranes  were  blocked 
with  5%  nonfat  milk  in  PBST  (lx  PBS  +  0.1%  Tween-20) 
and  probed  with  primary  antibodies  in  1  %  bovine 
serum  albumin  (BSA).  The  signal  was  detected  by 
ECL  (GE  Healthcare)  after  incubation  with  the  appropri¬ 
ate  horseradish  peroxidase  (HRP)-conjugated  secondary 
antibodies. 

Real-time  quantitative  reverse  transcription  PCR 

Total  RNAs  were  extracted  using  TRIzol  reagent  (Invi¬ 
trogen).  cDNAs  were  prepared  after  digestion  with 
RNase-free  RQl  DNase  (Promega).  The  cDNAs  were 
subjected  to  real-time  reverse  transcription  PCR  (RT-PCR) 
using  Sso  Past  Eva  Green  Supermix  (Bio-Rad)  according  to 
the  manufacturer's  instructions  and  as  described  previ¬ 
ously  (15).  Each  reaction  was  normalized  by  coamplifica¬ 
tion  of  actin.  Triplicates  of  samples  were  run  on  default 
settings  of  Bio-Rad  CPX-96  real-time  cycler. 

Clonogenic  assays 

Anchorage-dependent  clonogenic  ability  assays  were 
performed  as  described  previously  (13).  Briefly,  cells  were 
seeded  at  low  densities  (400  cells /dish)  in  10-cm  culture 
plates.  The  plates  were  incubated  at  37°C  in  media  con¬ 
taining  either  10%  PBS  or  10%  charcoal-stripped  FBS  (CS- 
FBS)  and  were  left  undisturbed  for  14  days.  At  the  end  of 
the  experiment,  cells  were  fixed  with  methanol,  stained 
with  crystal  violet,  and  the  numbers  of  colonies  were 
counted. 

Luciferase  assays 

Cells  were  transfected  with  reporters  along  with  plas¬ 
mids  and  AR  and  AR-V7  siRNAs  as  indicated  in  the 
figures.  Cell  lysates  were  subjected  to  luciferase  assays 
with  the  Luciferase  Assay  System  (Promega). 

Statistical  analyses 

Data  are  shown  as  means  ±  SD.  Multiple  group  com¬ 
parison  was  performed  by  one-way  ANOVA  follow¬ 
ed  by  the  Scheffe  procedure  for  comparison  of  means. 
P  <  0.05  was  considered  significant. 

Results 

Prostate  cancer  cells  expressing  NF-KB2/p52  are 
resistant  to  enzalutamide  and  bicalutamide 

LN-neo  (LNCaP  cells  expressing  the  empty  vector)  and 
LN-p52  cells  (LNCaP  cells  stably  expressing  p52)  were 
treated  with  0  and  20  pmol/L  enzalutamide  or  bicalutamide 
in  media  containing  either  complete  FBS  or  charcoal-strip¬ 
ped  FBS,  and  ceU  growth  was  examined  after  48  hours. 
Dimethyl  sulfoxide  (DMSO)  was  used  as  the  vehicle  con¬ 
trol.  As  shown  in  Fig.  lA,  cells  stably  expressing  p52 
exhibited  better  cell  survival  ability  when  exposed  to  enza¬ 
lutamide  or  bicalutamide  compared  to  control  LN-neo 
cells.  To  confirm  these  experiments,  we  treated  LN-neo  or 
LN-p52  cells  with  0,  20,  and  40  p  mol/L  enzalutamide  or 
bicalutamide  and  performed  clonogenic  assays.  As  shown 
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Figure  1.  NF  icB2/p52  expressing 
prostate  cancer  cells  are  resistant 
to  enzakitamide.  A,  LNCaP  cells 
stably  expressing  pS2  (LN  p52) 
and  control  LNCaP  cells  (LN  neo) 
were  treated  witb  0  and  20  prnol/L 
enzalutarnide  or  bicalutamide  in 
media  containing  either  FBS  or 
CS  FBS,  and  cell  numbers  were 
counted  after  48  hours.  Results  are 
presented  as  mean  ±  SD  of  3 
experiments  performed  in 
triplicate.  LN  p52  cells  exhibited 
higher  survival  rates  when  treated 
with  enzalutamide  or  bicalutamide 
than  LN  neo  cells.  B,  LN  neo  and 
LN  p52  c»lls  were  treated  with  0, 
20,  or  40  pmol/L  enzalutamide  or 
bicalutamide,  and  cloixigenic 
assays  were  performed.  Results 
are  presented  as  mean  ±  SD  of  2 
experiments  performed  in 
triplicate.  LN  p52  cells  formed 
higher  numbers  of  colonies  than 
LN  neo  cells  when  treated  with 
enzalutamide  or  bicalutamide.  C, 
LN/TR/p52  calls  (expressing  p52 
under  the  control  of  a  tetracycline 
(tet)  inducible  promoterj  and 
ccxttrol  LN/TR/Con  cells  were 
treated  virith  0,  20,  or  40  pmolA. 
enzalutamide  or  20  pmol/L 
bicalutamide  in  the  presence  or 
absence  of  0.5  pmol/L  doxycycline 
(DOX),  and  cell  numbers  wore 
counted  after  48  hrxtrs.  Results  are 
presented  as  mean  ±  SD  of  3 
experiments  performed  in 
triplicate.  *,  P  <  0.05.  LN/TR/p52 
calls  displayed  higher  sun/ival 
rates  when  p52  expression  was 
ktducad  with  DOX,  compared  to 
uninduced  LN/TFVp52  cells  as  well 
as  LN/TR/Con  calls. 


in  Hg.  IB,  LN-neo  cslls  were  highly  saisitive  to  both 
enzalutamide  and  tacalutamide  and  formed  fewer  colo¬ 
nies,  whereas  the  number  of  colonies  fcamed  by  cells 
expressing  p52  was  significantly  higher,  indicating  that 
NF-KB2/p52  may  induce  resistance  to  enzalutamide  and 
bicalutamide  in  prostate  cancer  cells.  To  further  confirm 
these  results,  we  used  the  tetracycline-inducible  system  to 
induce  p52  expression  in  LNCaP  cells  and  tested  enzalu¬ 
tamide  and  bicalutamide  sensitivity.  We  treated  LN/TR/ 
Con  and  LN/TR/p52  cells  with  0,  20,  and  40  p  mol/L 
enzalutamide  or  bicalutamide  and  pxrformed  growth 
assays.  As  shown  in  Rg.  1C,  induction  of  expression  of 
p52  by  doxycycline  significantly  enhanced  the  ability  of 
LN/TR/ p>52  cells  to  survive  in  die  piresence  of  enzaluta¬ 
mide  or  bicalutamide  compared  to  control  LN/TR/Con 
cells.  These  results  collectively  demonstrate  that  prostate 


cancCT  cells  expressing  higher  levels  of  NF-KB2/p52  are 
more  resistant  to  enzalutamide  and  fcacalutamide  cconpar- 
ed  to  cells  which  do  not  express  p52. 

Prostate  cancer  cells  chronically  treated  with 
enzalutamide  exhibit  higher  levels  of  NF-KB2/p52 

Our  previous  studies  showed  that  meet  androgen- 
dependent  prostate  cancer  cell  lines  do  not  express  detect¬ 
able  levels  of  endogenous  NF-KB2/p52  (13).  Hence,  to  test 
whether  prostate  cancer  cells  resistant  to  enzalutamide 
exhibit  higher  levels  of  p52,  we  treated  CWR22Rvl 
cells  with  5  to  10  p  mol/L  enzalutamide  chronically  for 
more  than  10  months.  The  resultant  cells  showed  higher 
cell  survival  rates  when  treated  with  enzalutamide.  We 
examined  the  expression  levels  of  NF-kB2/ p52  in  these 
cells  by  quantitative  RT-PCR  (qRT-PCR)  and  Western 
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Figure  2.  Prostate  cancer  cells 
treated  chronically  with 
enzaKjtamide  upregulate  the 
expression  of  NF  KB2/p52. 

A,  CWR22Rv1  cells  treated 
chronically  with  enzalutamide 
exhibit  higher  endogenous  levels 
of  both  p1 00  and  pS2.  B, 
CWFI22Rv1  cells  treated 
chronically  with  enzahjtannide 
were  transfected  with  either 
control  shRNAs  or  sh  RNAs  against 
NF  KB2/p52  and  were  treated  with 
0,  20,  or  40  |imol/L  enzalutamide. 
Cell  numbers  were  counted  after 
24  and  48  hours.  Results  are 
presented  as  mean  ±  SD  of 
2  experiments  performed  in 
triplicate.  *,  P  <  0.05.  Cells 
transfected  with  shRNAs  against 
p52  exhibited  lower  cell  survival 
when  treated  with  enzalutamide. 


blotting.  As  shown  in  Fig.  2A,  CWR22Rvl  cells  treated 
chronically  with  enzalutamide  exhibited  higher  levels  of 
both  precursor  plOO  as  well  as  p52,  indicating  that  pros¬ 
tate  cancer  cells  resistant  to  enzalutamide  may  ujjregulate 
the  endogenous  levels  of  NF-kB2/ p52.  To  test  whether 
downregulation  of  p52  resensitizes  these  cells  to  enzalu¬ 
tamide,  we  transfected  short  hairpin  RNAs  (shRNA) 
specific  to  p52  into  CWR22Rvl  cells  treated  chronically 
with  enzalutamide  (expressing  higher  levels  of  p52)  and 
examined  cell  growth  after  24  and  48  hours.  Downregula¬ 
tion  of  p52  after  transfection  was  confirmed  by  qRT-PCR. 
As  shown  in  Fig.  2B,  cells  transfected  with  p52  shRNA 
were  increasingly  sensitive  to  enzalutamide  compar¬ 
ed  to  control  CWR22Rvl-Enza-R  cells,  indicating  that 
expression  of  p52  may  be  necessary  for  the  survival  of 
celk  treated  chronically  with  aizalutamide.  These  results 
collectively  demonstrate  that  NF-icB2/p52  may  regulate 
the  induction  of  resistance  to  enzalutamide  in  prostate 
cancer  cells. 

NF-KB2/p52  enhances  expression  of  AR  splice 
variants 

It  has  been  shown  that  higher  levels  of  AR  splice 
variants  may  be  responsible  for  the  resistance  to  enzalu¬ 
tamide  in  prostate  cancer  (4),  hence,  we  tested  whether 
NF-KB2/p52  regulates  the  expression  of  AR  splice  var¬ 
iants.  Total  RNAs  from  LNCaP  and  C4-2B  cells  trans¬ 
fected  with  ei filer  empty  vector  or  p52  in  media  containing 
either  complete  or  charcoal-strippied  FBS  (CS-FBS)  were 
analyzed  by  qRT-PCR  for  file  expression  levels  of  full- 
length  (FL)  AR  as  well  as  the  major  splice  variant  AR-V7. 
As  shown  in  Fig.  3A,  expression  of  p52  enhanced  the 


expression  levels  of  the  splice  variant  AR-V7  in  both  FBS 
and  CS-FBS,  whereas  expression  of  FL  AR  remained 
unchanged  in  LNCaP  cells  (left).  These  results  were  con¬ 
firmed  by  Western  blotting  using  antibodies  specific  for 
FL  AR  and  AR-V7  (right).  Similar  results  were  observed  in 
C4-2B  cells,  in  which  expression  of  p52  enhanced  the 
expression  levels  of  AR-V7,  whereas  expression  levels  of 
FL  AR  were  unaffected  (Fig.  3B).  To  substantiate  these 
results,  we  examined  expression  levels  of  FL  ARand  AR- 
V7  in  LN-neo  and  LN-p52  cells  by  qRT-PCR  and  Western 
blotting  and  found  that  expression  levels  of  AR-V7  were 
elevated  in  LN-p52  cells  compeired  to  LN-neo  cells 
(Fig.  3C).  We  also  analyzed  expression  levels  of  AR-V7 
in  xenografts  of  LNCaP  cells  expressing  p52  and  found 
that  xenografts  expressing  p52  exhibited  significantly 
higher  levels  of  AR-V7  mPiNA  compared  to  control 
LNCaP  cell  xenografts  (Fig.  3D).  These  findings  show  that 
NF-KB2/p52  may  induce  upregulation  of  the  expression 
of  AR-V7. 

Downregulation  of  NF-KB2/p52  abrogates 
expression  of  AR  splice  variants 

Next,  we  tested  whether  NF-KB2/p52  was  necessary  for 
the  enhanced  expression  of  AR  splice  variants.  VCaP  and 
CWR22Rvl  prostate  cancer  cells  express  endogenous 
levels  of  AR  splice  variants  AR-Vl,  AR-V5,  AR-V7,  AR- 
l/2/2b,  and  AR-l/2/3/2b.  We  transfected  shRNA  spe¬ 
cific  to  p52  into  VCaP  and  CWR22Rvl  cells  and  examined 
the  expression  levels  of  these  splice  variants  by  qRT-PCR 
using  specific  primers.  As  shown  in  Fig.  4A  and  B  (left), 
downregulation  of  p52  reduced  the  expression  levels  of 
most  of  the  sphce  variants  significantly,  whereas  levels  of 
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Figure  3.  NF  KB2/p52  induces 
higher  expression  of  AR  splice 
variants.  Total  RNAs  from  LNCaP 
(A)  and  C4  2B  (B)  cells  transfected 
with  empty  vector  or  p52  were 
analyzed  by  qRT  PCR  for  the 
expression  of  FL  AR  and  AR  V7  in 
media  containing  either  FBS  or 
CS  FBS.  Expression  of  p52 
enhanced  the  levels  of  AR  V7, 
whereas  levels  of  FL  AR 
remained  ixtchanged.  Right, 
immunoblotting  of  above  lysates 
with  antibodies  specific  against 
either  FL  AR  or  AR  V7.  C.  total 
RNAs  from  LN  p52  and  LN  neo 
cells  were  analyzed  by  qRT  PCR 
for  the  expression  levels  of  FL  AR 
or  AR  V7.  LN  p52  cells  showed 
higher  levels  of  expression  of  AR 
V7  compared  to  LN  neo  cells, 
whereas  FL  AR  levels  were 
unaffected.  Right,  immunoblotting 
of  above  lysates  with  antibodies 
against  FL  AR  or  AR  V7.  D, 
expression  levels  of  AR  VT  were 
enhanced  in  xenografts  from 
LNCaP  cells  expressing  p52 
compared  to  xenografts  from 
parental  LNCaP  cells.  Ftesults  are 
presented  as  mean  ±  SD  of  2 
experiments  performed  in 
triplicate.  *,  P  <  0.05. 
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FL  AR  remained  unaffected.  These  results  were  confirmed 
for  AR-V7  expression  by  Western  blotting  using  antibo¬ 
dies  specific  against  AR-V7  and  FL  AR  in  VCaP  and 
CWR22Rvl  cdls  (Fig.  4A  and  B,  right),  indicating  that 
expression  of  p52  may  be  necessary  for  the  synthesis  of  AR 
splice  variants. 

Downregulation  of  FL  AR  and  AR-V7  increases 
sensitivity  of  p52-expressing  prostate  cancer  cells  to 
enzalutamide 

LNCaP  cells  stably  expressing  p52  (LN-p52)  exhibit 
higher  levels  of  AR-V7.  We  also  assessed  expression  levels 
of  other  members  of  the  NF-icB  family  by  Western  blotting 
and  found  that  their  levels  were  not  altered  (Supplemen¬ 


tary  Fig.  SI),  indicating  that  the  effect  on  AR-V7  expres¬ 
sion  Wcis  mainly  due  to  the  expression  of  NF-icB2/ p52 
Next,  we  analyzed  expression  levels  of  antiapopitotic 
proteins  such  as  Bcl-xL,  survivin,  and  cyclin  D1  in  LN- 
p52  cells  compared  to  LN-neo  cells  and  found  that  LN-p52 
cells  express  highCT  levels  of  Bcl-xL,  survivin,  and  cyclin 
D1  (Supplementciry  Fig.  S2),  indicating  that  activation  of 
antiapoptotic  genes  may  play  an  important  role  in  resis¬ 
tance  against  enzalutamide.  As  reported  previously,  the 
cells  also  exhibit  aberrant  activation  of  AR  in  the  absence 
of  androgen  and  exhibit  castration-resistant  growth  (15). 
In  the  current  study,  we  also  showed  that  LN-p52  cells  are 
resistant  to  enzalutamide-induced  growth  inhibition 
compared  to  control  LN-neo  cells.  Hence,  to  test  whether 
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Figure  4.  Downiegulat'on  of  NF 
icB2/pS2  in  prostate  cancer  (CaP) 
cells  reduces  expression  of  AR 
splice  variants.  VCaP  and 
CWR22Rv1  p)  cells  were 
transfected  with  either  control 
shRNAs  or  shRNAs  against 
p52  and  expression  levels  of 
the  indicated  AR  splice  variants 
were  analyzed  by  qRT  PCR. 
Downregulation  of  p52  led  to  a 
decrease  in  synthesis  of  AR  splice 
variants,  whereas  expression 
levels  of  FL  AR  remained 
unchanged.  Right  panels  show 
immunoblots  of  above  lysates  with 
antibodies  against  FL  AR  or  AR 
VT.  Results  are  presented  as  mean 
±  SD  of  3  experiments  performed 
in  triplicate.  *,  P  <  0.05. 


FL  AR  or  AR-V7  plays  a  role  in  the  p52-mduced  resistance 
to  enMlutamide,  we  transfected  siRNAs  specific  against 
either  FL  AR  or  AR-V7  into  LN-neo  and  LN-p52  cells  and 
monitored  cell  growth  in  response  to  enzalutamide.  As 
shown  in  Fig.  5A,  downregulation  of  either  FL  AR  or  AR- 
V7  reduced  growth  of  control  LN-neo  cells  by  ~20%,  and 
»tzalutamide  itself  reduced  growth  of  LN-neo  cdls  by 
~50%.  Noadditional  reduction  of  growth  was  observed  in 
LN-neo  cells  when  FL  AR  or  AR-V7  was  downregulated 
in  the  presence  of  enzalutamide,  showing  that  inhibition 
of  either  FL  AR  or  AR-V7  had  no  effect  on  the  seisiti  vity  of 
LN-neo  cells  to  enzalutamide.  In  LN-p52  cells  which 
express  higher  levels  of  AR-V7,  downregulation  of  either 
FL  AR  or  AR-V7  reduced  growth  by  ~50%  in  the  presence 
of  enzalutamide,  thus  resensitizing  LN-p52  cells  to  enza¬ 
lutamide.  In  other  words,  LN-p52  cells  are  more  sensitive 
to  enzalutamide  when  expression  of  either  FL  AR  or  AR- 
V7  was  inhibited.  These  results  suggest  that  resistance  of 
LN-p52  cells  to  enzalutamide  is  mediated  by  alterations  in 
the  AR  signaling  pathway  and  demonstrate  that  activa¬ 
tion  of  the  AR  axis  by  p52  plays  an  important  role  in  the 
p52-induced  resistance  to  enzalutamide.  To  confirm  these 
results  and  test  whether  downregulation  of  FL  AR  or  AR- 
V7  modulates  p52-induced  AR  activation,  we  cotrans¬ 
fected  a  ludferase  reporter  containing  the  enhancer  and 
promoter  regions  of  PSA  (PSA-E/P-Luc)  along  with  p52 
and  siRNAs  against  FL  AR  or  AR-V7  into  VCaP  and 
CWR22Rvl  cells.  The  cells  were  treated  with  either  vehicle 
or  20  (jmol/L  aizalutamide  and  ludferase  assays  pier- 
formed.  VCaP  and  CWR22Rvl  cells  express  higher 
endogenous  levels  of  p52,  and  our  previous  studies  show 
that  p52  induces  ligand-indepaident  activation  of  AR 


(13, 15).  As  shown  in  Fig.  5B  and  as  shown  in  our  previous 
studies  (15),  p>52  induces  activation  of  AR-mediated  target 
gene  transcription,  which  was  abolished  by  downregula¬ 
tion  of  either  FL  AR  or  AR-V7.  p>52-induced  activation  of 
AR  was  unaffected  by  enzalutamide  treatmart  Treatment 
with  enzalutamide  further  enhanced  the  suppressive 
effect  of  siRNAs  against  FL  AR  or  AR-V7  on  p52-induced 
AR-mediated  target  gene  transcripition.  These  results 
demcmstrate  that  activation  of  AR  signaling  is  necessary 
for  the  p52-induced  resistanceagainst  enzalutamide.  Sim¬ 
ilar  results  were  obtained  in  CWR22Rvl  cells  (fig.  5C), 
showing  that  the  interplay  between  FL  AR,  AR-V7  and 
NF-KB2/p52  may  be  critical  in  the  development  of  resis¬ 
tance  to  enzalutamide  in  pirostate  cancer  cells.  These 
results  implicate  the  activation  of  the  AR  signaling  axis 
by  p52  via  FL  AR  and  its  splice  variants  as  being  respon¬ 
sible  for  the  induction  of  resistance  against  enzalutamide. 

Discussion 

Next-generation  antiandrogens  such  as  enzalutanvide 
and  inhibitors  of  androgen  synthesis  such  as  abiraterone 
have  revolutionized  the  standard  of  care  for  patients 
with  both  early-  and  late-stage  prostate  cancer.  Despite 
their  successes  and  continuing  widespread  use,  tiireat  of 
development  of  resistance  looms  large  (1 7, 18).  The  under¬ 
standing  of  mechanisms  by  which  resistance  against 
these  agents  may  develop  in  prostate  cancer  cells  may  be 
critical  for  early  intervention  strategies  in  the  event  of 
development  of  resistance.  Enzalutamide  binds  to  the 
ligand-binding  domain  of  AR  and  inhibits  its  nuclear 
translocation,  rajA  binding,  and  transactivation  of  target 
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Rgure  S.  Downnsgulation  of  FL  AR 
and  AR  V7  increases  sensitivity  of 
p52  expressing  prostate  cancer 
^P)  cells  to  enzalutamide.  A, 

LN  p52  and  LN  neo  cells  were 
transfected  with  siRNAs  specific  to 
either  FL  AR  or  AR  V7  and  were 
treated  with  0  or  20  pmol/L 
enzalutamide.  Ceil  numbers  were 
counted  after  48  hoi^.  Results  are 
presented  as  mean  ±  SD  of  3 
experiments  performed  in 
tripiicate.  Downregulation  of 
either  FL  AR  or  AR  V7  increased 
sensitivity  of  LN  pS2  cells  to 
enzalutamide.  VCaP  (B)  and 
CWR22Rv1  (C)  cells  were 
transfected  with  PSA  E/P  Luc 
reporter,  empty  vector,  or  p52 
together  with  siRNAs  against  FL 
AR  or  AR  V7.  Celis  were  treated 
virith  0  or  40  pmoi/L  enzalutamide, 
and  luciferase  assays  were 
performed  after  48  hours.  Ftesults 
are  presented  as  mean  ±  SD 
of  2  experiments  performed 
in  triplicate.  ’,  P  <  0.05. 
Downregulation  of  either  FL  AR  or 
AR  V7  suppressed  p52  induced 
activation  of  AR  in  both  VCaP  and 
CWR22Rv1  cells. 
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genes  (3).  In  the  current  study,  we  show  that  NF-kB2/ p52 
may  play  a  crucial  role  in  the  development  of  resist¬ 
ance  to  enzalutamide  and  that  the  interplay  between 
p52  and  the  AR  signaling  axis  may  be  one  of  the  under¬ 
lying  mechanisms.  Even  though  enzalutamide  and  bical- 
utamide  have  similar  mechanisms  of  action,  clinically 
patients  who  progress  on  bicalutamide  may  respond 
to  enzalutamide,  indicating  the  existence  of  different 
mechanisms  of  resistance  and  that  NF-KB2/p52  may  be 
one  of  the  many  mediators  of  resistance.  Our  studies  zilso 
show  that  prostate  cancer  cells  treated  chronically  with 
enzalutamide  may  develop  resistance  against  the  agent 
via  upregulation  of  expression  of  p52  These  findings  have 
important  implications  for  therapeutic  regimen  in  which 
patients  are  treated  for  long  periods  of  time  with  aizalu- 


tamide.  Further  studies  are  warranted  to  test  whether 
blocking  of  cellular  signaling  pathways  in  combination 
with  antiandrogens  may  prove  beneficial. 

Our  current  data  demonstrate  that  signaling  networks 
such  as  p52  and  AR  interactions  can  mediate  resistance 
to  dierapies  targeting  FT.  AR,  including  the  next-gene¬ 
ration  antiandrogen,  enzalutamide.  The  significance  of 
these  studies  lies  in  the  fact  that  resistance,  either  de  now 
or  acquired,  is  one  of  the  major  clinical  limitations  for 
new  AR  inhibitors.  The  majority  of  patients  who  display 
disease  progression  on  enzalutamide  cilso  display  increas¬ 
ing  prostate-sf)ecific  antigen  (PSA),  indicating  that  enza- 
lutamide-resistant  tumors  remain  driven  by  fiersistent 
AR  activity.  AR  variants  are  overexpressed  in  a  subset 
of  CRPC  metastases  and  correlate  with  poor  survival 
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(19,  20).  As  AR  splice  variants  lack  the  ligand-binding 
domain,  they  may  be  insensitive  to  inhibition  by  both 
bicalutamide  and  enzalutamide.  One  of  the  pioneering 
studies  about  enzalutamide  showed  that  it  may  be  effec¬ 
tive  against  cells  expressing  higher  levels  of  AR  splice 
variants,  although  this  fact  remains  to  be  substantiated 
(21).  Even  though  AR  variants  have  been  hypothesized  to 
be  independent  mediators  of  casfration  resisfance  (4),  FL 
AR  may  still  be  necessary  and  may  augment  the  castra¬ 
tion-resistant  response  (21).  Conflicting  results  have  been 
obtained  about  the  distinct  transcriptional  programs  acti¬ 
vated  by  AR  variants  and  FL  AR  in  prostate  cancer  cells 
(4,  22).  It  is  probable  that  such  perceived  differences  are 
due  to  experimental  platforms  used  and  do  not  reflect 
physiologic  deviations.  It  is  also  possible  that  AR  variants 
execute  a  "tumor-specific"  program,  which  is  a  part  of  fhe 
broader  transcriptional  program  of  fhe  FL  AR,  and  hence 
are  enriched  in  tumors.  This  may  not  necessarily  mean 
that  the  FL  AR  is  no  longer  a  player  in  the  progression  of 
prostafe  cancer.  It  would  be  more  likely  that  co-operation 
between  FL  AR  and  its  splice  variants  is  the  driver  behind 
CRPC  progression,  rather  than  a  distinct  and  dominant 
transcriptional  program  driven  by  the  splice  variants 
alone. 

Our  earlier  studies  showed  that  NF-kB2/  p52  promotes 
castration-resistant  progression  of  prostate  cancer  by  acti¬ 
vating  the  AR  in  conditions  of  androgen  deprivation 
(13,  15).  In  this  study,  we  showed  that  p52  also  induces 
expression  of  AR  splice  variants.  Since  the  mechanism 
of  action  of  enzalutamide  is  the  inhibition  of  AR  activa¬ 
tion,  we  hypothesized  that  prostate  cancer  cells  expres¬ 
sing  higher  levels  of  p52  may  be  resistant  to  enzalutamide. 
Our  current  results  confirm  the  hypothesis  and  point  to 
the  role  of  the  interaction  between  AR  and  p52  as  being 
one  of  fhe  critical  turns  during  the  progression  to  castra¬ 
tion  resistance. 
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Abstract 

Purpose;  Prostate  cancer  (PCa)  is  characterized  by  deregulated  expression  of  several  tumor  suppressor  or  oncogenic 
miRNAs.  The  objective  of  this  study  was  the  identification  and  characterization  of  miR-let-7c  as  a  potential  tumor  suppressor 
in  PCa. 

Experimental  Design:  Levels  of  expression  of  miR-let-7c  were  examined  in  human  PCa  cell  lines  and  tissues  using  qRT-PCR 
and  in  situ  hybridization.  Let-7c  was  overexpressed  or  suppressed  to  assess  the  effects  on  the  growth  of  human  PCa  cell 
lines.  Lentiviral-mediated  re-expression  of  let-7c  was  utiliz^  to  assess  the  effects  on  human  PCa  xenografts. 

Results:  We  identified  miR-let-7c  as  a  fxjtential  tumor  suppressor  in  PCa.  Expression  of  let-7c  is  downregulated  in  castration- 
resistant  prostate  cancer  (CRPQ  cells.  Overexpression  of  let-7c  decreased  while  downregulation  of  let-7c  increased  cell 
proliferation,  clonogenicity  arxi  anchorage-independent  growth  of  PCa  cells  in  vitro.  Suppression  of  let-7c  expression 
enhanced  the  ability  of  androgen-sensitive  PCa  cells  to  grow  in  androgen-deprived  conditions  in  vitro.  Reconstitution  of  Let- 
7c  by  lentiviral-mediated  intratumoral  delivery  significantly  reduced  tumor  burden  in  xenografts  of  human  PCa  cells. 
Furthermore,  let-7c  expression  is  downregulated  in  clinical  PCa  specimens  compared  to  their  matched  benign  tissues,  while 
the  expression  of  Lin28,  a  master  regulator  of  let-7  miRNA  processing,  is  upregulated  in  clinical  PCa  specimens. 

Conclusions.-Jinese  results  demonstrate  that  microRNA  let-7c  is  downregulated  in  PCa  and  functions  as  a  tumor  suppressor, 
and  is  a  potential  therapeutic  target  for  PCa. 

Citation:  Nadiminty  N,  Tummala  R,  Lou  W,  Zhu  Y,  Shi  X  B,  et  aL  (2012)  MicroRNA  let  7c  b  Downregulated  in  Prostate  CarKer  and  Suppresses  Prostate  Cancer 
Growth.  PLoS  ONE  7(3):  e3283Z  doi:10.1371/journalpone.0032832 

Editor:  Gokul  M.  Das,  Roswell  Park  Cancer  Institute,  United  States  of  America 
Received  July  13,  2011;  Accepted  February  2,  2012;  Published  March  30,  2012 

Copyright:  O  2012  Nadiminty  et  aL  Thb  is  an  open  access  article  dbtributed  under  the  temns  of  the  Creative  Commons  Attribution  License,  which  permits 
unrestricted  use,  distribution,  and  reproduction  in  any  medium,  provided  the  original  author  and  source  are  credited. 

Funding:  Thb  work  was  supported  In  part  by  NIH  CA1 40468,  CA1 18887,  CA109441,  DOD  PC080S38  (AG)  and  DOD  PC1(X)502,  American  Cancer  Society  IRG  (NN). 
The  funders  had  no  role  in  study  design,  data  collection  and  analysis,  decbion  to  pubibh,  or  preparation  of  the  manuscript. 

Competing  Interests:  The  authors  have  declared  that  no  competing  interests  exbt. 

*  E  maib  acgao@ucdavb.edu  (ACG);  nnadimlnty@ucdavb.edu  (NN) 


Introduction 

Prostate  cancer  (PCa)  is  the  most  commonly  occurring 
malignancy  and  the  second  most  frequent  cause  of  cancer  related 
mortality  in  men  in  the  US.  The  majority  of  patients  with 
advanced  PCa  respond  initially  to  androgen  deprivation  therapy, 
but  relaprse  due  to  the  growth  of  castration  resistant  prostate 
cancer  (CRPC)  celb.  Significant  efforts  have  been  focused  on 
understanding  the  mechanisms  involved  in  the  development  and 
progression  of  CRPC.  MkroRNAs  (miRNAs)  are  endogenous 
small  non  coding  RNAs  that  can  interfere  with  protein  expression 
either  by  inducing  cleavage  of  their  specific  target  mRNAs  or  by 
inhibiting  their  translation.  Mature  miRNAs  are  evolutionarily 
conserved  ~22nt  single  stranded  RNAs  resulting  from  a  multistep 
processing  of  larger  precursor  molecules  via  Drosha  and  Dker. 
Eventually  the  mature  miRNAs  are  incoiporated  into  the  RISC 
complex  along  with  their  target  mRNAs  which  are  recognized  by 


sequence  complementarity  in  the  3’  UTR  [1].  Eiach  miRNA  can 
target  several  different  mRNAs  and  each  mRNA  can  be  targeted 
by  multiple  miRNAs,  generating  an  intricate  network  of  gene 
expression  regulation.  MiRNAs  have  been  shown  to  regulate  a 
rapidly  increasing  list  of  canplex  biologkal  processes  including 
differentiation,  cell  cycle,  apoptosis  and  metabolism  [2].  An 
overwhelming  amount  of  new  evidence  points  to  their  roles  as 
tumor  suppressors  or  oncogenes  which  presents  a  whole  spectrum 
of  novel  diagnostk  and  therapeutic  opportunities  [1,3]. 

Let  7  encodes  an  evolutionarily  conserved  family  of  13 
homologous  miRNAs  located  in  genomic  locations  frequently 
deleted  in  human  cancers  [4].  Expression  of  let  7  in  lung  cancer 
cell  lines  reduced  cell  proliferation  [5]  and  inhibited  tumorigenesis 
of  breast  cancer  cells  while  also  reducing  metastases  [6]. 
Overexpression  of  let  7  also  decreased  lung  cancer  cell  resistance 
to  radiation  therapy  [7].  Reduced  expression  of  let  7  in  human 
lung  cancers  has  been  associated  with  shortened  post  operative 
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survival,  suggesting  that  let  7  may  be  an  important  prognostic 
marker  in  lung  cancer  [8].  Similarly,  5  year  progression  free 
survival  rate  was  found  to  be  higher  in  ovarian  cancer  patients 
with  lower  HMGA2/let  7  ratios  compared  to  those  with  higher 
HMGA2/let  7  ratios  [9].  There  is  an  evident  link  between  loss  of 
let  7  expression  and  development  of  poorly  differentiated  and 
aggressive  cancers  [10].  Let  7  expression  was  found  to  be 
downregulated  in  localized  PCa  tissues  relative  to  benign 
peripheral  zone  tissue  [11,12].  Let  7  members  have  been  shown 
to  regulate  expression  levels  of  oncogenes  like  HMGA2  [5] ,  RAS 
[13]  and  Myc  [14]  along  with  genes  involved  in  cell  cycle  and  cell 
division  regulation.  Therapeutic  strategies  are  being  developed 
targeting  let  7,  using  either  lend  or  adeno  viral  encoded  overex 
pression  of  let  7  or  transient  transfection  of  double  stranded 
precursors  of  let  7  [15,16].  Thus,  let  7  shows  promise  as  a 
molecular  marker  in  certain  cancers  and  as  a  potential  therapeutic 
in  cancer  treatment. 

Lin28,  a  highly  conserved  RNA  binding  protein  and  a  master 
regulator  of  let  7  miRNA  processing,  is  overexpressed  in  primary 
human  tumors  [17,18]  and  is  postulated  to  be  one  of  the 
embryonic  stem  cell  factors  that  promote  oncogenesis  and 
proliferation  of  cancer  cells,  by  repression  of  the  let  7  family  of 
tumor  suppressors  [19].  Lin28  binds  to  the  terminal  loops  of  the 
precursors  of  let  7  family  miRNAs  and  blocks  their  processing  into 
mature  miRNAs  [20,21].  Lin28  also  derepresses  c  Myc  by 
repressing  let  7  and  c  Myc  transcriptionally  activates  Lin28 
[22,23].  This  Lm28/let  7/c  Myc  loop  may  play  an  important 
role  in  the  deregulated  miRNA  expression  signature  observed  in 
many  cancers  [24]. 

In  this  study,  we  demonstrate  that  let  7c,  one  of  the  members  of 
the  let  7  family,  suppresses  PCa  growth  in  vitro  and  in  vivo. 
Overexpression  of  let  7c  led  to  inhibition  of  anchorage  dependent 
as  well  as  anchorage  independent  growth  of  PCa  cells.  Reexpres 
sion  of  let  7c  in  xenografts  of  human  PCa  cells  using  lentivirally 
encoded  let  7c  inhibited  tumor  growth  significandy.  In  addition, 
let  7c  expression  is  downregulated  in  clinical  PCa  specimens.  Our 
results  imply  that  prostate  tumor  growth  is  regulated  by  let  7c  and 
that  reconstitution  of  let  7  may  have  beneficial  effects  in  PCa  by 
decreasing  survival  and  proliferation  of  tumor  cells. 

Materials  and  Methods 

Cell  lines  and  Reagents 

LNCaP,  C4  2B,  PC  346C  and  DU  145  cells  were  obtained  from 
the  American  Type  Culture  Collection  (ATCC,  Manassas,  VA). 
LNCaP,  C4  2B  and  PC346C  cells  are  androgen  receptor  (AR) 
positive  and  respond  to  androgen  supplementation,  while  DU  145 
cells  are  AR  negative  and  are  androgen  insensitive.  LNCaP  SI 7 
and  LNCaP  IL6+  cell  lines  were  generated  in  our  laboratory  by 
stable  transfection  of  full  length  IL  6  cDNA  into  LNCaP  cells  and 
by  chronic  treatment  of  LNCaP  cells  with  5  ng/ml  recombinant 
IL  6  respectively.  Both  cell  lines  exhibit  autocrine  IL  6  signaling. 
Antibodies  against  Actin  and  Tubulin  were  purchased  from  Santa 
Cruz  Biotechnologies  (Santa  Cruz,  CA).  Lin28  antibodies  were 
obtained  from  Abeam  (San  Francisco,  CA).  SYBR  Green  iQ_ 
Supermix  was  from  Bio  Rad.  Lentivector  based  let  7c  construct 
was  obtained  from  System  Biosciences  and  Lin28  ORF  and 
shRNA  constructs  were  obtained  from  Open  Biosystems. 

Western  Blot  Analysis 

Cells  were  lysed  in  high  salt  buffer  containing  50  mM  Hepes  pH 
7.9,  250  mM  NaCl,  1  mM  EDTA,  1%  NP  40,  1  mM  PMSF, 
1  mM  Na  Vanadate,  1  mM  NaF  and  protease  inhibitor  cocktail 
(Roche)  as  described  earlier  [25].  Total  protein  was  estimated 
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using  the  Coomassie  Protein  Assay  Reagent  (Pierce,  Rockford,  IL). 
Equal  amounts  of  protein  were  loaded  on  10%  SDS  PAGE  and 
transferred  to  nitrocellulose  membranes.  The  membranes  were 
blocked  with  5%  nonfat  milk  in  PBST  (lx  PBS+0.1%  Tween  20) 
and  probed  with  primary  antibodies  in  1%  BSA.  The  signal  was 
detected  by  ECE  (GE  Healthcare)  after  incubation  with  the 
appropriate  HRP  conjugated  secondary  antibodies. 

Measurement  of  PSA 

PSA  levels  were  measured  in  the  culture  supernatants  using 
EEISA  (United  Biotech  Inc,  Mountain  View,  CA)  according  to  the 
manufacturer’s  instructions. 

Real-Time  Quantitative  RT-PCR 

ENCaP  cells  were  transfected  with  the  indicated  plasmids  or 
oligonucleotides  and  total  RNAs  were  extracted  using  Trizol 
reagent  (Invitrogen).  cDNAs  were  prepared  after  digestion  with 
RNase  free  RQ,1  DNase  (Promega).  The  cDNAs  were  subjected  to 
real  time  reverse  transcription  PCR  (RT  PCR)  using  SYBR 
Green  iQ^  Supermix  (Bio  Rad)  according  to  the  manufacturer’s 
instructions  and  as  described  previously  [26,27].  Reactions  were 
performed  with  1  pE  RT  PCR  cDNA,  0.5  pL  each  of  forward 
and  reverse  primers  (10  pmol/E),  10.5  pL  double  distilled  water, 
and  12.5  pL  iQ^  SYBR  Green  supermix.  Each  reaction  was 
normalized  by  coamplification  of  actin.  Triplicates  of  samples 
were  run  on  default  settings  of  Bio  Rad  CFX  96  real  time  cycler. 
Primers  used  for  quantification  of  Lin28  were:  Forward  5' 
GCCCCTTGGATATTCCAGTC  3'  and  Reverse  5'  AATGT 
GAATTCCACTGGTTCTCCT  3'.  miRNA  qPCR  was  per 
formed  with  the  use  of  miRCURY  ENA  Universal  RT  microRNA 
PCR  kit  and  ENA  conjugated  miRNA  primers  (Exiqon)  according 
to  manufacturer’s  instructions. 

Northern  Blotting 

20  pg  each  of  total  RNAs  from  ENCaP,  PC  3,  DU145, 
LNCaP  SI 7  and  LNCaP  IL6+  cells  were  run  on  15%  Urea 
PAGE  gels  and  transferred  to  nylon  membranes.  After  UV  cross 
linking,  membranes  were  hybridized  to  a  probe  recognizing  the 
mature  sequence  of  let  7c.  U6  snRNA  was  used  as  loading  control. 

miRNA  in  Situ  Hybridization 

In  situ  hybridization  (ISH)  was  performed  to  determine  the 
patterns  of  expression  of  let  7c  in  human  clinical  PCa  tissue 
microarray  containing  160  cores  each  from  unmatched  benign 
and  cancerous  prostates.  ISH  was  performed  using  the  locked 
nucleic  acid  (LNA)  conjugated  let  7c  specific  probe  from  Exiqon 
according  to  manufacturer’s  instructions. 

Clonogenic  Assays 

Anchorage  dependent  clonogenic  ability  assays  were  performed 
as  described  previously  [28].  Briefly,  ENCaP  cells  transfected  with 
either  empty  vector  or  let  7c  were  seeded  at  low  densities  (400 
cells/dish)  in  10  cm  culture  plates.  The  plates  were  incubated  at 
37"C  in  media  containing  either  10%  EBS  or  10%  charcoal 
stripped  EBS  (CS  EBS)  and  were  left  undisturbed  for  14  days.  At 
the  end  of  the  experiment,  cells  were  fixed  with  methanol,  stained 
with  crystal  violet  and  the  numbers  of  colonies  were  counted. 

Soft-agar  Colony  Formation  Assays 

Anchorage  independent  colony  formation  assays  were  per 
formed  using  C4  2B  and  ENCaP  SI 7  cells  transfected  with  the 
indicated  plasmids.  After  transfection,  cells  were  plated  in  0.35% 
agarose  overlying  a  1.2%  agar  layer.  Cells  were  fed  twice  a  week 
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with  complete  RPNni640  and  were  incubated  at  37°C  for 
2  weeks.  At  the  end  of  the  experiment,  colonies  were  stained  with 
0.005%  Crystal  Violet  and  counted. 

Cell  Growth  Assays 

LNCaP,  C4  2B,  DU  145,  LNCaP  S17  and  LN  IL6+  ceUs  were 
transfected  with  plasmids  expressing  let  7c  and  viable  cell  numbers 
were  determined  at  0,  24  and  48  h  using  a  Coulter  cell  counter. 

Apoptosis  Assays  using  Cell  Death  Detection  ELISA 
DNA  fragmentation  in  LNCaP,  DU145,  LNCaP  S17  and  LN 
IL6+  cells  transfected  with  plasmids  as  indicated  in  figures  was 


assessed  by  the  Cell  death  detection  ELISA  kit  (Roche, 
Indianapolis,  IN)  according  to  the  manufacturer’s  instructions. 

Generation  of  Stable  Cell  Lines 
Stable  cell  lines  of  LNCaP  and  C4  2B  expressing  let  7c  were 
generated  by  transfection  of  pla.smids  containing  the  cDNAs  and 
selection  of  clones  after  application  of  selective  pressure  with 
appropriate  andbiotks. 

Animals 

6  8  week  old  male  nude  mice  were  maintained  in  the  Animal 
Facility  at  the  UC  DavLs  Medical  Center.  All  e.\perimental 
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Figure  1.  Let  7c  is  expressed  in  PCa  cells.  A)  Total  RNAs  from  LNCaP,  K  3,  DLI145,  LNCaP  SI  7  and  LN  IL6+  cells  were  analyzed  by  qRT  PCR. 
Results  are  presented  as  relative  fold  change  compared  to  expression  ievels  in  LNCaP.  Data  points  represent  mean  ±  SD  of  triplicate  samples  from 
two  independent  experiments.  B)  20  pg  each  of  the  above  RNAs  were  also  analyzed  by  northern  blotting.  U6  snRNA  was  used  as  the  loading  control. 
C)  qRT  PCR  showing  the  decrease  in  let  7c  expression  in  LNCaP  cells  expressing  Ijn28  compared  to  LNCaP  cells  transfected  with  the  empty  vector 
(Con).  Inset  Western  blot  shows  expression  of  Lin28.  D)  qRT  PCR  showing  the  increase  in  let  7c  expression  in  C4  28  cells  transfected  with  shRNA 
against  Ljn28  compared  to  C4  28  cells  transfected  with  control  GFP  shRNA  Inset  Western  blot  shows  downregulation  of  Lin28.  Data  points  represent 
mean  ±  SD  of  triplicate  samples  from  two  independent  experimertts.  Error  bars  denote  ±  SD  (*p  <  0.05).  E)  Western  blot  showing  the  expression 
levels  of  Lin28  in  PCa  cells.  Actin  is  used  as  a  loading  control. 
doi:l  0.1 371/journal.pone0032832.g001 
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Figure  2.  Let  7c  expression  is  downregulated  in  human  PCa.  A)  Relative  expression  levels  of  let  7c  were  measured  by  qRT  PCR  in  total  RNAs 
extracted  from  10  paired  benign  and  tumor  human  prostate  samples.  B)  Let  7c  levels  were  measured  using  in  situ  hybridization  in  TMAs  containing 
160  cores  each  from  unmatched  benign  and  cancerous  prostate  biopsies.  Representative  images  are  shown  for  benign  and  cancer  cores.  Expression 
of  let  7c  was  higher  in  benign  prostates  compared  to  cancerous  prostates.  C)  Relative  expression  levels  of  Lin28  in  the  1 0  paired  benign  and  tumor 
human  prostate  samples.  Expression  levels  of  Lin28  were  correlated  inversely  with  those  of  let  7c  Error  bars  denote  ±  SD  (*p  <  0.05). 
dofcl  0.1 371/journal.pone0032832.g002 
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Figure  3.  Let  7c  inhibits  growth  of  human  PCa  celis  in  vitro.  LNCaP  (A),  C4  2B  (B),  DU145  (C),  LN  IL6+  (D)  and  LNCaP  S17  (E)  cells  were 
transfected  with  let  7c  or  empty  vector  (Con)  and  cell  numbers  were  determined  after  24  and  48  h.  Growth  of  PCa  cells  was  suppressed  by  let  7c. 
Insets  show  the  levels  of  expression  of  let  7c  plasmid.  F)  Cell  death  was  analyzed  in  LNCaP,  DU145,  LNCaP  S17  and  LN  IL6+  cells  transfected  with  let 
7c  or  empty  vector  (Con).  Let  7c  induced  apoptotic  cell  death  of  prostate  cancer  cells.  G)  LNCaP  cells  transfected  with  anti  sense  oligos  against  let  7c 
or  scrambled  oligos  (Con)  were  grown  in  FBS  and  CS  FBS  and  cell  numbers  determined.  Inset  shows  the  downregulation  of  expression  of  let  7c  by 
anti  sense  oligos.  LNCaP  cells  with  downregulated  expression  of  let  7c  exhibited  faster  growth  in  CS  FBS  compared  to  controls.  Data  points  represent 
mean  ±  SD  of  triplicate  samples  from  two  independent  experiments.  Error  bars  denote  ±  SD  (*p  <  0.05). 
doi:1 0.1 371  /journaLpone.0032832.g003 


procedures  using  animals  were  approved  by  the  Institutional 
Animal  Care  and  Use  Committee  of  UC  Davis.  1  2x10”  cells/ 
flank  were  injected  s.e.  into  both  flanks  and  tumors  were  allowed 
to  grow.  Onee  the  tumors  reaehed  0.5  cm^,  1x10^  ifu  (infectious 
units)  of  lentiviruses  containing  either  empty  veetor  with  GFP  or 
let  7c  precursor  were  injected  intratumorally.  At  the  end  of  the 
experiments,  mice  were  saerificed  and  tumors  were  excised.  Sera 
were  collected  for  measurement  of  PSA. 

Human  PCa  Specimens 

Paired  benign  and  tumor  prostate  tissues  were  prepared  as 
described  previously  [29].  Surgieal  specimens  used  in  this  study 
were  radical  prostatectomy  specimens  (one  from  robotic  surgery) 
collected  at  the  Johns  Hopkins  University  from  2002  to  2007. 
Specimens  were  selected  from  the  frozen  prostate  tumor  bank  if 
paired  frozen  bloeks  enriched  for  histologieally  normal  and  tumor 
areas  were  available.  Frozen  blocks  were  manually  trimmed  to 
further  enrich  the  histology  of  interest.  Cryosections  (7  pm)  were 
prepared  from  each  block  before  RNA  extraction.  The  tumor 
content  in  the  tumor  speeimens  was  greater  than  80%,  whereas 
normal  samples  had  at  least  60%  epithelium  content  and  no 
evidence  of  tumor  present.  The  first  and  last  seetions  for  eaeh 
block  were  H&E  stained  and  used  for  %  epithelium  calculation. 
The  use  of  de  identified  surgical  specimens  for  moleeular  analysis 
was  approved  by  the  IRB. 

Statistical  Analyses 

Data  are  shown  as  means  ±  SD.  Multiple  group  comparison 
was  performed  by  one  way  ANOVA  followed  by  the  Scheffe 
procedure  for  comparison  of  means.  P<0.05  was  considered 
significant. 

Results 

Let-7c  is  Expressed  in  PCa  Cells 

Our  previous  studies  using  miRNA  mieroarrays  showed  that  let 
7c  was  among  the  most  commonly  modulated  miRNAs  in  PCa 
cells  (unpublished  data).  To  determine  the  relative  levels  of 
expression  of  let  7c  in  PCa  cells,  we  isolated  total  RNAs  from 
LNCaP  (androgen  dependent,  AR  positive),  PC  3,  DU  145  (eas 
tration  resistant,  AR  negative)  cells  as  well  as  LNCaP  SI 7  eells 
expressing  IL  6  [30]  and  LN  IL6+  cells  chronieally  treated  with 
IL  6  [31].  cDNAs  were  analyzed  by  quantitative  RT  PCR  using 
primers  amplifying  the  mature  form  of  let  7c  (Exiqon)  specifically. 
Our  results  showed  that  let  7c  is  expressed  at  high  levels  in  LNCaP 
cells  compared  to  the  hormone  refraetory  PC  3  and  DU  1 45  eells 
(Fig.  lA).  Earlier  reports  showed  that  IL  6  and  let  7  exhibit 
reciprocal  regulation  of  expression.  LNCaP  IL6+  and  LNCaP  SI  7 
cells  (autocrine  IL  6  signaling)  showed  reduction  in  let  7c  levels, 
consistent  with  the  report  that  IL  6  reduces  let  7  expression  in  PCa 
cells  and  that  let  7  regulates  IL  6  expression  [18].  These  results 
were  also  confirmed  by  northern  blotting  using  a  probe  against  the 
mature  let  7c  sequence  (Fig.  IB),  suggesting  that  let  7c  levels  are 
redueed  in  more  aggressive  and  castration  resistant  PCa  cells. 


Recent  reports  showed  that  expression  of  let  7  family  of 
miRNAs  is  regulated  by  Lin28,  a  master  regulator  of  miRNA 
processing  [18,20].  Consistent  with  the  finding,  we  found  that 
overexpression  of  Lin28  led  to  a  reduetion  in  let  7c  levels  in 
LNCaP  cells  (Fig.  1C),  while  downregulation  of  Lin28  using  Lin28 
shRNA  led  to  an  inerease  in  let  7c  levels  (Fig.  ID)  in  C4  2B  cells 
whieh  express  endogenous  Lin28  (Fig.  IE).  Downregulation  or 
overexpression  of  Lin28  was  confirmed  by  Western  blotting  (Inset 
Fig.  IC&D).  These  results  show  that  Lin28  plays  a  critieal  role  in 
regulation  of  let  7c  expression  in  PCa  cells. 

Let-7c  Expression  is  Downregulated  in  Human  PCa 

To  determine  whether  the  levels  of  let  7c  expression  are 
downregulated  in  clinical  PCa,  we  analyzed  RNAs  from  10  paired 
benign  and  tumor  human  PCa  speeimens  by  quantitative  RT 
PCR.  RNAs  were  isolated  from  human  tissues,  reverse  transcribed 
and  subjected  to  qRT  PCR  using  LNA  conjugated  let  7c  primers 
(Exiqon).  The  levels  of  let  7c  were  significandy  decreased  in  8/10 
tumors  compared  to  their  matehed  benign  prostate  tissues 
(Fig.  2A).  We  also  analyzed  two  tissue  mieroarrays  containing 
benign  and  eaneerous  prostate  biopsies  respectively  by  in  situ 
hybridization  using  LNA  conjugated  mature  let  7c  specific  probe 
(Exiqon).  The  images  were  analyzed  using  an  Olympus  1X81 
microscope  and  DP  Controller  Software.  Our  results  showed  that 
let  7c  was  highly  expressed  in  benign  PCa,  while  its  expression  was 
downregulated  in  the  cancerous  prostate  (Fig.  2B).  Collectively, 
these  results  suggest  that  loss  of  let  7c  expression  may  be  assoeiated 
with  prostate  tumorigenesis. 

Since  Lin28  is  a  key  regulator  of  let  7c  expression,  we  examined 
Lin28  expression  in  the  10  paired  benign  and  tumor  prostate 
samples  by  qRT  PCR  using  primers  whieh  amplify  Lin28  mRNA 
specifically.  Expression  levels  of  Lin28  were  found  to  be 
significandy  elevated  in  9/10  pairs  of  matched  benign  and  tumor 
prostate  speeimens  (Fig.  2C).  Expression  of  Lin28  was  correlated 
inversely  with  expression  of  let  7c  with  a  correlation  coefficient  of 
0.4,  suggesting  that  let  7c  expression  is  regulated  primarily  by 
Lin28  in  human  PCa. 

Let-7c  Decreases  the  Growth  of  PCa  Cells  in  Vitro 

To  determine  whether  let  7c  affects  the  growth  of  PCa  cells, 
LNCaP,  C4  2B,  DU145,  LNCaP  SI 7  and  LN  IL6+  cells  were 
transfected  with  plasmids  encoding  let  7c  or  empty  vector  and 
cell  numbers  were  counted  after  24  and  48  h.  Cell  numbers  of  all 
PCa  cell  lines  overexpressing  let  7c  were  reduced  by  ~40%  at 
48  h  (Fig.  3A  E).  Insets  show  the  levels  of  expression  of  let  7c 
plasmid  in  these  cells.  To  determine  whether  the  observed 
decrease  in  cell  growth  was  due  to  apoptotic  cell  death,  DNA 
fragmentation  was  analyzed  by  Cell  Death  Detection  ELISA.  As 
shown  in  Fig.  3F,  apoptosis  in  cells  overexpressing  let  7c  was 
enhanced  compared  to  the  controls,  suggesting  that  the  inhibition 
in  cell  growth  induced  by  let  7c  is  partly  due  to  increased 
apoptotic  cell  death. 

In  addition,  we  tested  whether  downregulation  of  let  7c  would 
enhance  the  ability  of  androgen  sensitive  PCa  cells  to  grow  in 
androgen  deprived  conditions.  We  transfeeted  anti  sense  oligos 
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Figure  4.  Let  7c  inhibits  colony  forming  abilities  of  human  PCa  cells.  Clonogenic  (A)  and  soft  agar  colony  forming  (B)  abilities  of  LNCaP  S17 
and  C4  2B  cells  transfected  with  let  7c  or  empty  vector  (Con)  were  assayed.  Let  7c  inhibited  cell  growth  and  survival  in  anchorage  dependent  and 
independent  conditions.  C)  Clonogenic  assay  Upper  and  lower  panels  represent  colony  sizes  of  C4  2B  and  LNCaP  SI  7  cells  expressing  control  (empty 
vector)  or  let  7c  respectively.  D)  Soft  agar  assay  Upper  and  lower  panels  represent  colony  sizes  of  C4  2B  and  LNCaP  S17  cells  expressing  control 
(empty  vector)  or  let  7c  respectively.  E)  Number  of  colonies  formed  in  clonogenic  assay  by  C4  2B  cells  stably  expressing  let  7c.  Let  7c  decreased  the 
number  of  colonies  formed  by  the  PCa  cells.  Data  points  represent  mean  ±  SD  of  triplicate  samples  from  two  independent  experiments.  Error  bars 
denote  ±  SD  (*p  <  0.05). 
doi:1 0.1 371/journal,  pone. 0032832. g(X)4 


against  let  7c  or  control  scrambled  oligos  into  LNCaP  cells 
supplemented  with  either  FBS  or  charcoal  stripped  FBS  (CS  FBS) 
and  monitored  cell  growth.  The  results  demonstrated  that 
downregulation  of  let  7c  by  anti  sense  promoted  androgen 
dependent  LNCaP  cell  growth  in  conditions  of  androgen 
deprivation  (Fig.  3G).  Downregulation  of  let  7c  by  the  anti  sense 
oligos  was  confirmed  using  qRT  PCR  (Fig.  3G,  inset).  These 


findings  suggested  that  castration  resistant  growth  of  PCa  may  be 
characterized  by  downregulation  of  let  7c  expression. 

We  also  analyzed  clonogenic  ability  of  PCa  cells  expressing  let 
7c  in  both  anchcrage  dependent  and  anchorage  independent 
conditions.  LNCaP  SI 7  and  C4  2B  cells  were  transfected  with 
let  7c  or  empty  vector  and  colony  formation  assays  were 
performed.  Both  clonogenic  (Fig.  4A)  atid  soft  agar  colony 
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Figure  5.  Let  7c  suppresses  tumor  growth  of  human  PCa  xenografts  in  vivo.  C4  2B  (A),  PC346C  (B)  and  DU145  (C)  cells  were  injected  into 
both  flanks  of  nude  mice  and  the  tumors  received  a  single  intratumoral  injection  of  lentiviruses  expressing  either  GFP  (control)  or  let  7c  Tumor 
growth  was  monitored  twice  weekly  over  3  weeks.  Data  points  represent  mean  ±  SD  of  tumor  volume  (mm^)  of  all  mice  at  the  indicated  time  points. 
D)  Secretion  of  PSA  by  C4  2B  and  PC346C  xenografts  was  measured  in  mouse  sera  by  ELISA.  Reconstitution  of  let  7c  in  the  tumors  reduced  secretion 
of  PSA  by  the  xenografts.  At  the  end  of  the  experiments,  tumor  tissues  were  excised,  total  RNAs  prepared  and  subjected  to  qRT  PCR  to  assess  mRNA 
levels  of  let  7c  (E)  and  Lin28  (F).  Error  bars  denote  ±  SD  (*p  <  0.05). 
doul  0.1 371  /journal.pone0032832  .gOOS 


(Fig.  4B)  foimation  abilities  of  LNCaP  S17  and  C4  2B  cells  were 
suppre.s.sed  by  overexpresskjn  of  let  7c.  The  number  of  colonies 
formed  on  substrata  by  LNCaP  S 1 7  cells  was  reduced  from 
142±  15  to  46±  10  and  the  number  of  colonies  formed  by  C4  2B 
cells  was  reduced  from  122±10  to  34±7  (Fig.  4A).  Similarly,  the 
number  of  colonies  formed  in  soft  agar  by  LNCaP  S17  cells  was 
reduced  from  82±4  to  15±2  and  the  number  of  colonies  formed 
by  C4  2B  cells  was  reduced  from  61  ±5  to  21  ±5  (Fig.  4B)  by 
overexpression  of  let  7c.  Furthermore,  the  size  of  colonies  formed 
by  control  transfected  cells  was  larger  compared  to  the  colonies 
formed  by  let  7c  traasfected  cells  (Fig.  4C&D).  The.se  results 


suggest  that  let  7c  may  inhibit  PCa  cell  growth  in  anchorage 
dependent  as  well  as  independent  conditioas.  These  Gndings 
were  also  confirmed  with  clonogenic  assay  in  C4  2B  cells  stably 
expressing  let  7c  (Fig.  4E). 

Let-7c  Inhibits  Tumor  Growth  of  Human  PCa  Cell 
Xenografts 

We  generated  lenthiruses  encoding  GFP  tagged  let  7c  precur 
sor  using  the  Lentivector  Expression  System  (System  Biosciences). 
To  determine  whether  let  7c  exhibits  anti  proliferative  effects  on 
PCa  .xenografts  in  vivo,  we  injected  2x10®  C4  2B  or  PC346C  (both 


PLoS  ONE  I  www.plosone.org 


8 


March  2012  |  Volume  7  |  Issue  3  |  e32832 


Let  7c  Inhibits  Prostate  Tumor  Growth 


cell  lines  are  AR  positive)  cells  s.e.  into  both  flanks  of  male  nude 
mice  and  monitored  tumor  development.  Onee  tumors  reaehed 
the  size  of  0.5  em^,  miee  were  randomized  into  two  groups.  The 
experimental  miee  reeeived  a  single  intratumoral  injection  of 
lentivirally  encoded  let  7c,  while  eontrol  mice  received  lentiviruses 
expressing  GFP.  Tumor  growth  was  monitored  over  3  weeks,  with 
tumor  measurements  twice  weekly.  At  the  end  of  3  weeks,  tumors 
were  excised,  RNAs  prepared  and  qRT  PGR  performed  to  assess 
levels  of  let  7c  in  the  xenografts.  The  results  showed  that  tumor 
growth  of  C4  2B  (Fig.  5 A)  and  PC346C  (Fig.  5B)  xenografts  was 
inhibited  significantly  in  mice  injected  with  let  7e  containing 
lentiviruses  compared  to  mice  injected  with  control  lentiviruses.  In 
addition,  we  also  tested  whether  let  7c  can  suppress  tumor  growth 
of  AR  negative  xenografts.  We  injeeted  IxlO*’  DU145  eells/flank 
s.e.  into  male  nude  mice  and  performed  similar  experiments  with 
half  the  mice  receiving  a  single  intratumoral  injection  of 
lentiviruses  eneoding  let  7c  and  the  other  half  receiving  lentivi 
ruses  encoding  the  empty  vector.  The  results  showed  that  let  7c 
was  successful  in  suppressing  tumor  growth  of  DU  145  xenografts 
similar  to  C4  2B  or  PC346C  xenografts  (Fig.  5C).  Levels  of  PSA,  a 
classic  target  gene  of  AR,  secreted  by  the  AR  positive  xenografts 
were  measured  in  the  mouse  sera  using  a  human  speeific  PSA 
ELISA  kit  and  were  normalized  to  tumor  weights.  Results  showed 
that  injection  of  let  7c  expressing  lentiviruses  reduced  the  secretion 
of  PSA  by  the  tumor  xenografts  of  C4  2B  and  PC346C  compared 
to  control  lentiviruses  (Fig.  5D).  qRT  PGR  showed  that  let  7c 
levels  were  enhanced  in  the  tumors  injected  with  let  7c  encoding 
lentiviruses,  while  levels  of  Lin28  were  reduced  (Fig.  5E&Ij.  These 
findings  suggest  that  overexpression  of  let  7c  suppresses  prostate 
tumor  growth,  and  that  reeonstitution  of  let  7c  levels  may  present 
an  attractive  therapeutic  strategy  against  human  PCa. 

Discussion 

In  this  study,  we  found  that  let  7c  expression  is  downregulated 
in  castration  resistant  PCa  eells  and  elinical  specimens.  Transfec 
tion  of  lentiviral  encoded  let  7c  inhibited  the  growth  and 
clonogenicity  of  PCa  cells  while  enhancing  apoptotic  cell  death. 
Conversely,  downregulation  of  let  7c  by  anti  sense  oligonueleo 
tides  eonferred  a  survival  advantage  on  PCa  cells  in  androgen 
replete  as  well  as  androgen  depleted  environments.  Intratumoral 
injeetion  of  lentivirally  encoded  let  7c  inhibited  PCa  xenograft 
tumor  growth,  demonstrating  that  let  7e  functions  as  a  tumor 
suppressor  that  inhibits  prostate  tumor  growth.  These  results 
suggest  that  miRNA  let  7c  plays  an  important  role  in  PCa  cell 
proliferation  and  may  be  exploited  for  therapeutic  applications. 

The  mechanisms  of  suppression  of  prostate  tumor  growth  by  let 
7 e  may  include  direet  or  indireet  regulation  of  expression  levels  of 
oncogenes  such  as  Myc  and  Lin28.  In  a  recent  report,  we  showed 
that  let  7c  targets  the  expression  of  the  AR  via  targeting  the 
expression  of  Myc  [32].  The  AR  is  a  key  survival  factor  for 
prostate  tumor  eells  and  reduction  of  its  expression  has  been 
demonstrated  to  suppress  prostate  tumor  growth  [33].  In 
confirmation  of  these  findings,  expression  of  PSA,  one  of  the 
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classic  target  genes  of  the  AR,  was  found  to  be  suppressed  by  let  7c 
in  xenografts  of  C4  2B  and  PC346C  cells  in  this  study. 

It  is  well  documented  that  Lin28  plays  a  major  role  in  regulation 
of  let  7c  expression  [18,21].  This  is  consistent  with  our  studies 
showing  that  Lin28  suppresses  let  7c  expression  in  PCa  cells. 
Overexpression  of  Lin28  inhibited  let  7c  expression  in  LNCaP 
cells,  while  knockdown  of  Lin28  expression  increased  let  7c  in  C4 
2B  cells.  In  addition,  we  demonstrated  that  overexpression  of  let 
7c  reduced  the  levels  of  Lin28  expression  in  the  tumors  of  PCa 
xenograft  models  (Fig.  5F),  indicating  that  a  negative  feedback 
loop  exists  between  Lin28  and  let  7c. 

Several  reports  have  established  the  important  role  of  let  7, 
showing  that  members  of  the  let  7  family  are  downregulated  in 
lung  cancers  and  that  this  downregulation  is  correlated  with  poor 
survival  [8] .  A  tumor  suppressor  role  has  been  attributed  to  the  let 
7  family  of  miRNAs  and  appears  to  be  undisputed  except  in  rare 
cases,  such  as  let  7a,  which  has  been  reported  to  target  caspase  3 
in  human  cancers  [34],  thus  suppressing  susceptibility  of  cancer 
cells  to  chemotherapeutic  induced  cell  death.  In  malignant 
mesothelioma,  let  7b*  was  found  to  be  highly  expressed  [35] 
and  the  upregulation  of  let  7b  and  let  7i  was  associated  with  high 
grade  transformation  in  lymphoma  [36] .  These  conflicting  data  on 
deregulation  of  let  7  in  various  human  cancers  show  that 
individual  let  7  family  members  may  have  distinct  and  varying 
activities  in  different  cells  and  do  not  simply  exhibit  redundant 
functions. 

An  earlier  study  by  Dong  et  al.  [37]  reported  that  let  7a 
suppresses  prostate  tumor  growth  by  targeting  E2F2  and  CCND2. 
Our  studies  suggest  that  let  7c  suppresses  prostate  tumor  growth 
by  several  pathways  including  regulation  of  IL  6,  Myc,  Lin28  and 
the  AR  [32].  In  addition,  direct  reconstitution  of  let  7c  by  injection 
of  lentivirally  encoded  let  7c  into  established  xenograft  tumors 
marks  an  important  step  in  the  direction  of  prospective  therapeutic 
strategies  using  let  7c.  Even  though  members  of  the  let  7  family 
may  exhibit  some  redundant  functions,  individual  components 
may  be  subject  to  differential  and  tissue  specific  regulation  in 
different  cell  types.  Our  results  with  lentivirally  encoded  let  7c 
show  that,  if  feasible  strategies  to  reconstitute  let  7c  in  prostate 
tumors  can  be  developed,  reconstitution  of  let  7c  may  represent  a 
potential  therapeutic  agent  for  PCa  treatment. 

In  summary,  our  study  demonstrates  that  the  miRNA  let  7c 
plays  an  important  role  in  inhibition  of  PCa  cell  proliferation  and 
castration  resistant  progression.  Downregulation  of  expression  of 
Let  7c  and  the  let  7c/Lin28  feedback  loop  may  facilitate  prostate 
tumor  growth.  Targeting  this  novel  pathway  may  pave  the  way  for 
effective  therapeutic  strategies  in  PCa  therapy. 
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Background:  Let-7c  is  a  microRNA  down- regulated  in  prostate  cancer. 

Results:  Let-7c  suppresses  androgen  receptor  expression  by  targeting  its  transcription  via  c-Myc.  Suppression  of  AR  by  let-7c 
leads  to  decreased  cell  proliferation  and  tumor  growth. 

Conclusion:  Let-7c  suppresses  androgen  receptor  expression. 

Significance:  Our  study  demonstrates  that  let-7c  plays  an  important  role  in  regulation  of  androgen  signaling  and  prostate 
cancer  proliferation. 

v _ / 


Castration-resistant  prostate  cancer  continues  to  rely  on 
androgen  receptor  (AR)  expression.  AR  plays  a  central  role  in 
the  development  of  prostate  cancer  and  progression  to  castra¬ 
tion  resistance  during  and  after  androgen  deprivation  therapy. 
Here,  we  identified  mi  R-let-7c  as  a  key  regulator  of  expression  of 
AR.  miR-let-7c  suppresses  AR  expression  and  activity  in  human 
prostate  cancer  cells  by  targeting  its  transcription  via  c-Myc. 
Suppression  of  AR  by  let-7c  leads  to  decreased  cell  proliferation 
of  human  prostate  cancer  cells.  Down-regulation  of  Let-7c  in 
prostate  cancer  specimens  is  inversely  correlated  with  AR 
expression,  whereas  the  expression  of  Lin28  (a  repressor  of 
let-7)  is  correlated  positively  with  AR  expression.  Our  study 
demonstrates  that  the  miRNA  let-7c  plays  an  important  role  in 
the  regulation  of  androgen  signaling  in  prostate  cancer  by 
down-regulating  AR  expression.  These  results  suggest  that 
reconstitution  of  miR-let-7c  may  aid  in  targeting  enhanced  and 
hypersensitive  AR  in  advanced  prostate  cancer. 


Prostate  cancer  (PCa)^  is  the  most  commonly  occurring 
malignancy  and  the  second  highest  cause  of  cancer- related 
mortality  in  men  in  the  United  States.  The  majority  of  patients 
with  advanced  PCa  respond  initially  to  androgen  deprivation 
therapy,  but  relapse  because  of  the  growth  of  castration-resis¬ 
tant  prostate  cancer  (CRPC)  cells.  Significant  efforts  have  been 
focused  on  understanding  the  mechanisms  involved  in  the 
development  and  progression  of  CRPC.  Although  the  levels  of 
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androgen  are  reduced  to  castration  levels,  the  AR  is  still 
expressed,  and  AR  target  genes  such  as  prostate-specific  anti¬ 
gen  (PSA)  are  activated.  AR  activation  in  CRPC  may  occur  by  a 
variety  of  mechanisms  that  alter  the  sensitivity  or  specificity  of 
AR,  including  AR  mutations,  alternative  splicing,  amplification, 
alterations  of  coregulators,  sensitization  by  growth  factors  and 
cytokines,  and  response  to  intracrine  androgens  (1,  2).  The 
study  of  factors  that  regulate  expression  and  activation  of  the 
AR  will  enhance  our  understanding  of  the  mechanisms  leading 
to  castration  resistance  and  will  play  a  key  role  in  devising  ther¬ 
apeutic  strategies  to  combat  this  lethal  cancer. 

MicroRNAs  (miRNAs)  are  endogenous,  small,  non-coding 
RNAs  that  interfere  with  protein  expression  either  by  inducing 
cleavage  of  their  specific  target  mRNAs  or  by  inhibiting  their 
translation.  MiRNAs  have  been  shown  to  regulate  a  rapidly 
increasing  list  of  complex  biological  processes,  including  differen¬ 
tiation,  cell  cycle,  apoptosis,  and  metabolism  (3).  Their  emergir^ 
roles  as  tumor  suppressors  or  oncogenes  present  novel  diagnostic 
and  therapeutic  opportunities  (4, 5).  Let-7  encodes  an  evolution- 
arily  conserved  family  of  13  homologous  miRNAs  located  in 
genomic  locations  frequently  deleted  in  human  cancers  (6).  Let-7 
expression  was  observed  to  be  down-regulated  in  localized  PCa 
tissues  relative  to  benign  peripheral  zone  tissue  (7,  8).  ITiere  is  a 
significant  association  between  loss  of  let-7  expression  and  devel¬ 
opment  of  poorly  differentiated  and  a^essive  cancers  (9).  Let-7 
members  have  been  shown  to  regulate  expression  levels  of  onco¬ 
genes  like  HMGA2  (10),  RAS  (11),  and  Myc  (12),  along  with  genes 
involved  in  cell  cycle  and  cell  division  regulation.  Thus,  let-7  shows 
promise  as  a  molecular  marker  in  certain  cancers  and  as  a  potential 
therapeutic  agent  in  cancer  treatment  Lin28,  a  highly  conserved 
RNA-binding  protein  and  a  master  regulator  of  let-7  miRNA  pro¬ 
cessing,  binds  to  the  terminal  loops  of  the  precursors  of  let-7  family 
miRNAs  and  blocks  their  processing  into  mature  miRNAs  (13, 14). 
Lin28  also  derepresses  c-Myc  by  repressing  let-7,  and  c-Myc  tran¬ 
scriptionally  activates  Lin28  (15, 16).  This  Lin28/let-7/c-Myc  loop 
may  play  an  important  role  in  the  deregulated  miRNA  expression 
signature  observed  in  many  cancers  (17). 
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FIGURE  1.  Let-7c  suppresses  AR  expression.  Relative  expression  levels  of  let-7c  (A)  and  AR(fi)  were  determined  in  LNCaP,C4-2B,  LNCaP-s17,andLN-IL6+cells 
by  qRT-PCR.  Results  are  presented  as  relative  fold  change  compared  to  expression  levels  in  LNCaP  cells.  C,  LNCaP  cells  were  transfected  with  let-7c  antisense 
oligonucleotides,  and  AR  mRNA  levels  were  analyzed  by  qfIT-PCR.  Results  are  presented  as  relative  fold  change  compared  to  expression  levels  in  LNCaP  cells 
transfected  with  control  oligonucleotides.  Data  points  represent  mean  ±  S.D.  of  triplicate  samples  from  two  independent  experiments.  Error  bars  denote 
mean  ±  S.D.  *  denotesp  s  0.05.  AR  expression  was  increased  when  let-7c  expression  was  down-regulated,  0,  Western  blot  analysis  showing  the  increase  in  AR 
expression  in  LNCaP  cells  transfected  with  let-7cantisense.  Actin  is  shown  as  loading  control,  f,  LN-IL6-F  cells  were  transfected  with  let-7c,  and  AR  mRNA  levels 
were  analyzed  by  qRT-PCR.  AR  expression  was  reduced  when  let-7c  was  overexpressed.  Con,  control.  *  denotesp  s  0.05.  F,  Western  blot  analysis  showing  the 
down-regulation  of  AR  expression  in  LN-IL6-I-  cells  transfected  with  let-7c.  Gand  H,  AR  levels  were  analyzed  in  LNCaP  and  C4-2B  cells  stably  expressing  let-7c 
by  Western  blotting.  AR  protein  levels  were  reduced  when  let-7c  was  expressed./,  protein  levelsofAR  were  analyzed  in  LNCaP  cells  stably  expressing  Lin28  by 
Western  blotting.  AR  expression  was  enhanced  in  cells  expressing  Lin28. 


In  this  study,  we  show  that  let-7c,  one  of  the  members  of  the 
let-7  family,  antagonizes  AR  expression  by  degradation  of 
c-Myc.  Let-7c-mediated  decrease  in  AR  expression  and  activa¬ 
tion  led  to  inhibition  of  proliferation  of  PCa  cells.  Down-regu¬ 
lation  of  Let-7c  expression  in  prostate  cancer  clinical  speci¬ 
mens  is  inversely  correlated,  whereas  expression  of  Lin28  is 
positively  correlated,  with  AR  expression.  Our  results  imply 
that  AR  signaling  can  be  regulated  by  let-7c  in  PCa  by  decreas¬ 
ing  survival  and  proliferation  of  tumor  cells. 

EXPERIMENTAL  PROCEDURES 

Cell  Lines  and  Reagents — Human  prostate  cancer  cell  lines 
were  obtained  from  the  ATCC.  Antibodies  against  c-Myc,  AR 
(441)  and  actin  were  purchased  from  Santa  Cruz  Biotechnol¬ 
ogy,  Inc.  (Santa  Cruz,  CA).  Lin28  antibodies  were  obtained 


from  Abeam  (San  Francisco,  CA).  SYBR  Green  iQ  Supermix 
was  from  Bio-Rad. 

Western  Blot  Analysis — Cells  were  lysed  in  high-salt  buffer  as 
described  earlier  (18).  Western  blots  were  probed  with  the  indi¬ 
cated  primary  antibodies,  and  the  chemiluminescence  was 
detected  by  ECL  (GE  Healthcare). 

Measurement  of  PSA — PSA  levels  were  measured  in  the  cul¬ 
ture  supernatants  using  ELISA  (United  Biotech,  Inc.,  Mountain 
View,  CA)  according  to  the  manufacturer’s  instructions. 

Luciferase  Assays — LNCaP  cells  were  transfected  wth  pGL3- 
PSA6.0-Luc  or  pGL4-AR-prom-Luc  (~6  kb)  reporters  along  with 
plasmids  as  indicated  in  the  figures.  Cell  lysates  were  sub  jected  to 
luciferase  assays  with  tlae  luciferase  assay  system  (Promega). 

Real-time  Quantitative  RT-PCR— LNCaP  cells  were  trans¬ 
fected  with  the  indicated  plasmids  or  oligonucleotides,  and 
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FIGURE  2.  Let-7c  inhibits  AR  activity  and  transcription  of  AR  target  genes.  A,  LNCaP  cells  were  cotransfected  with  let -7c  and  pGL3-PSA6.0-Luc  reporter.  Data 
points  represent  mean  ±  S.D.  of  triplicate  samples  from  two  independent  experiments.  Error  bars  denote  mean  ±  S.D.  *  denotes  p  <  0.05.  Transactivation  of 
the  PSA  promoter  by  AR  was  reduced  with  let-7c  overexpression.  6,  LNCaP  cells  were  transfected  with  control  or  let-7c  or  let-7c  antisense,  and  levels  of  PSA  and 
NKX3.1  mRNAs  were  analyzed  by  qRT-PCR.  Results  are  presented  as  relative  fold  change  compared  with  expression  levels  in  LNCaP  cells  transfected  with 
control  oligonucleotides.  Down-regulation  of  let-7c  enhanced  the  levels  of  PSA  and  NKX3.1  mRNAs,  whereas  overexpression  of  let-7c  reduced  their  expression. 
Con,  control.  C,  PSA  secretion  in  LNCaP  cells  was  enhanced  when  let-7c  expression  was  down-regulated.  *  denotes p  s  0.05.  D,  LNCaP  cells  stably  expressing 
control,  let-7c,  or  Lin28  were  transfected  with  pGL3-PSA6.0-Luc  reporter,  and  luciferase  activities  were  assayed.  Transactivation  of  the  reporter  by  AR  was 
reduced  in  cells  expressing  let-7c,  whereas  it  was  increased  in  cells  expressing  Lin28.  RLU,  Relative  Luciferase  Units.  £,  secretion  of  PSA  by  LNCaP  cells  stably 
expressing  let-7c  or  Lin28  was  analyzed  by  ELISA.  PSA  secretion  was  reduced  in  cells  expressing  let-7c  and  increased  in  cells  expressing  Lin28.  Recruitment  of 
AR  to  AREs  in  PSA  (F)  and  NKX3.1  {G)  promoters  was  analyzed  by  ChIP  assays  in  LNCaP  cells  transfected  with  let-7c  or  Lin28.  Recruitment  of  AR  to  the  AREs  was 
reduced  in  cells  overexpressing  let-7c  and  was  enhanced  in  cells  expressing  Lin28.  IP,  immunoprecipitation. 


qRT-PCR  analyses  were  performed  as  described  previously  (19, 
20).  (Sequences  of  primers  are  listed  in  the  supplemental 
methods.) 

Chip  y4ssav5— LNCaP  cells  were  transfected  with  the  indi¬ 
cated  plasmids,  and  DNA-protein  complexes  were  isolated 
after  cross-linking  with  1%  formaldehyde.  ChlP  assays  were 
performed  as  de.scribed  previously  (20)  using  primers  spanning 
androgen  responsive  elements  (AREs)  in  PSA  andNKXS.l  pro¬ 
moters  or  Myc-binding  sites  in  the  AR  promoter.  Isotype- 
matched  IgG  was  used  as  a  control.  (Primer  sequences  are  listed 
in  the  supplemental  methods.) 


Human  PCa  Specimens— The  human  prostate  cancer  speci¬ 
mens  were  obtained  with  consent  from  patients  who  under¬ 
went  radical  prostatectomies  at  University  of  California  Davis 
Medical  Center.  The  protein  extracts  from  human  prostate 
specimens  used  for  the  analysis  of  Lin28  expression  were 
described  previously  (21,  22). 

Gene  Expression  Omnibus  Analysis — Two  separate  datasets 
from  the  Gene  Expression  Omnibus  National  Center  for  Bio¬ 
technology  Information  gene  expression  and  hybridization 
array  data  repositoiy  were  screened  independently  for  expres¬ 
sion  levels  of  Lin28,  AR,  and  Myc.  The  first  data  set  (GDS1439) 
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(23)  compared  specimens  of  benign  prostatic  hyperplasia  with 
clinically  localized  primary  prostate  cancer  and  with  metastatic 
prostate  cancer.  The  second  dataset  (GDS2547)  (24)  compared 
normal  prostate  specimens  without  any  pathology,  normal 
prostate  adjacent  to  tumor,  primary  prostate  tumor,  and  meta¬ 
static  prostate  cancer.  Relative  levels  of  expression  of  Lin28, 
AR,  and  Myc  were  determined  by  comparison  of  single  channel 
counts  and  expressed  as  a  percentage  of  tire  higliest  count  in  the 
data  set  (25).  Significant  differences  between  groups  were 
determined  by  Microsoft  Excel  Tools. 

Oncomine  Analysis — A  gene  search  of  the  Oncomine  data¬ 
base  for  expression  levels  of  Lin28,  AR,  and  Myc  was  performed 
at  a  significance  threshold  oip  <  0.001  and  data  sets  generated 
from  three  comparisons  of  normal  prostate  tissue  with  prostate 
carcinoma:  Wallace_prostate  (26),  Yuprostate  (27),  and  Vana- 
ja_prostate  (28)  were  analyzed  by  the  differential  expression 
function  of  Oncomine. 

Statistical  Analyses — Data  are  shown  as  means  ±  S.D.  Mul¬ 
tiple  group  comparison  was  performed  using  Microsoft  Excel 
T ools.  p  ^  0.05  was  considered  significant. 

RESULTS 

Let-7c  Decreases  Expression  of  AR — We  initially  determined 
let -7c  expression  in  several  prostate  cancer  cell  lines,  including 
androgen-sensitive  and  castration-resistant  pro.state  cancer 
cells.  Our  data  showed  that  the  levels  of  let-7c  were  lower  in  the 
castration-resistant  cell  lines  C4-2B,  LNCaP-sl7  (overexpress¬ 
ing  IL-6),  and  LN-1L6-I-  (LNCaP  chronically  treated  with  IL-6), 
which  express  higher  levels  of  AR  compared  with  parental 
LNCaP  cells  that  express  lower  levels  of  AR  (Fig.  I,  A  and  J5)  (29, 
30),  indicating  an  inverse  relationship  between  AR  and  let -7c. 
Hence,  we  tested  whether  let-7c  affects  AR  expression  in  PCa 
cells.  Antisense  oligonucleotides  against  let-7c  (Ambion)  were 
transfected  into  LNCaP  cells,  which  expre.ss  high  levels  of  let- 
7c,  and  the  expression  level  of  AR  was  analyzed  by  qRT-PCR. 
Down-regulation  of  let-7c  enhanced  AR  mRNA  level  ~3.5-fold 
(Fig.  1C).  Down-regulation  of  let-7c  was  confirmed  by  qRT- 
PCR  (supplemental  Fig.  lA ).  To  confirm  that  the  increase  in  AR 
mRNA  results  in  an  increase  in  AR  protein,  we  analyzed  whole 
cell  lysates  from  LNCaP  cells  transfected  with  let-7c  antisen.se 
oligos  by  We.stern  blotting.  The  AR  protein  level  was  increased 
~70%  when  let-7c  was  down-regulated  (Fig.  ID).  These  find¬ 
ings  were  lurther  confirmed  in  LN-IL6-I-  cells,  which  express 
higher  levels  of  AR  but  lower  levels  of  let-7c  compared  with 
LNCaP  cells.  Overexpression  of  let-7c  in  LNCaP-lL6-l-  cells 
reduced  the  levels  of  AR  mRNA  (Fig.  1£)  and  protein  expre.s- 
sion  (F).  Overexpression  of  let-7c  was  confirmed  by  qRT-PCR 
(supplemental  Fig.  IB).  These  results  suggested  that  let-7c 
inhibits  AR  expression  in  PCa  cells.  Because  the  above  results 
were  obtained  by  transient  overexpression  of  lct-7c  and  to  test 
whether  stable  expression  of  let-7c  would  exhibit  similar 
effects,  we  generated  LNCaP  and  C4-2B  cells  stably  expressing 
let-7c  and  LNCaP  cells  stably  expressing  Lin28.  Western  blot¬ 
ting  was  performed  to  analyze  protein  levels  of  AR  and  Lin28. 
The  results  demonstrated  that  levels  of  AR  were  down-regu¬ 
lated  in  both  LNCaP  and  C4-2B  cells  stably  expressing  let -7c, 
whereas  AR  expression  was  enhanced  in  LNCaP  cells  express¬ 
ing  Lin28  (Fig.  1.  G,  H,  and  /).  Higher  levels  of  expression  of 
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FIGURE  3.  Let-7c  regulates  AR  expression  at  the  level  of  transcription. 
LNCaP  cells  were  transfected  with  a  control  (Con)  or  let-7c  plasmid  in  the 
presence  or  absence  of  actinomycin  D,  and  AR  mRNA  levels  were  analyzed  by 
Northern  blotting  (A)  or  qRT-PCR  (B).  Half-life  of  AR  mRNA  was  not  altered  in 
the  presence  of  let-7c.  C,  LNCaP  cells  were  cotransfected  with  control  or  let-7c 
or  with  let-7c  antisense  oligos  along  with  the  pGL4-AR-Prom-Luc  reporter. 
Data  points  represent  the  mean  ±  S.D.  of  triplicate  samples  from  two  inde¬ 
pendent  experiments.  AR  promoter  activity  was  repress^  in  let-7c-overex- 
pressing  cells  and  was  enhanced  when  let-7c  was  down-regulated.  RLU,  Rel¬ 
ative  Luciferase  Units. 
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anti-lot-7c 


let-7c 


let -7c  in  C4-2B  cells  stably  expressing  let-7c  were  confirmed  by 
qRT-PCR  (supplemental  Fig.  1C)-  Collectively,  these  data  dem¬ 
onstrate  that  let -7c  represses  AR  expression  in  prostate  cancer 
cells. 

Let- 7c  Reduces  AR  Activity — We  next  examined  whether  the 
reduction  in  expres.sion  of  AR  by  let-7c  re.sults  in  inhibition  of 
transcriptional  activity  of  AR.  LNCaP  cells  were  cotransfected 
with  the  pGL3-PSA6.0-Luc  reporter  containing  the  enhancer 
and  promoter  regions  of  the  PSA  gene  and  plasmids  expressing 
let-7c.  As  shown  in  Fig.  2A,  transcriptional  activity  of  the  AR  in 
activating  reporter  gene  expression  was  reduced  by  ~60%  in 
the  presence  of  let-7c.  These  results  were  confirmed  by  analysis 
of  PSA  mRNA  and  protein  expression  by  qRT-PCR  and  ELISA, 
respectively.  LNCaP  cells  were  transfected  with  let -7c  or  let-7c 
antisense  oligonucleotides,  and  PSA  mRNA  levels  were  ana¬ 
lyzed.  Down-regulation  of  let-7c  expres.sion  by  let-7c  antisense 
oligonucleotides  led  to  a  >  4-fold  increase  in  PSA  expression, 
whereas  overexpression  of  let-7c  reduced  PSA  expression  by 
~50%  (Fig.  2B).  In  addition  to  PSA,  down-regulation  of  let-7c 
expression  by  lot-7c  antisense  increased,  whereas  overexpres¬ 
sion  of  let-7c  reduced,  NKX3.1  (another  typical  androgen-reg¬ 
ulated  gene)  mRNA  expression  (Fig.  2B).  Similarly,  PSA  levels 
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FIGURE  4.  Down-regulation  of  AR  by  let-7cis  mediated  by  down-regulation  of  Myc.  Expression  levels  of  AR  and  c-Myc  were  analyzed  by  Western  blotting 
in  LNCaP  cells  transfected  with  let-7c  (A)  or  let-7c  antisense  oligos  (fi).  Protein  levels  of  AR  and  c-Myc  were  reduced  in  let-7c-overexpressing  cells  and  were 
increased  when  let-7c  was  down-regulated.  Con,  control,  C,  LNCaP  cells  were  transfected  with  plasmids  expressing  Myc  or  shRN A  against  Myc  along  with  the 
pGL4-AR  prom-Luc  reporter.  Luciferase  assays  showed  that  down-regulation  of  Myc  reduced  transactivation  of  the  AR  promoter,  whereas  overexpression  of 
Myc  enhanced  reporter  activity.  RLU,  Relative  Luciferase  Units,  D  and  £,  mRNA  levels  of  AR,  PSA,  and  NKX3.1  were  measured  by  qRT-PCR  in  LNCaP  cells 
transfected  with  Myc  or  shRN  A  against  Myc.  Expression  levels  of  all  three  genes  were  decreased  when  Myc  was  down-regulated  and  were  enhanced  when  Myc 
was  overexpressed.  F,  LNCaP  cells  were  transfeaed  with  let-7c  and  Myc  alone  or  together  along  with  the  pGL4-AR  prom-Luc  reporter.  Overexpression  of  Myc 
could  overcome  the  repression  of  AR  promoter  activity  by  let-7c.  G,  recruitment  of  Myc  to  the  Myc  binding  site  in  the  AR  promoter  was  analyzed  by  ChIP  assays. 
Overexpression  of  let-7c  reduced  and  expression  of  Lin28  enhanced  the  recruitment  of  Myc  to  the  AR  promoter.  IP,  immunoprecipitation. 


in  the  supernatants  of  LNCaP  cells  transfected  with  let -7c  anti- 
sense  were  found  to  be  up-regulated  by  ~40%  (Fig.  2Q.  These 
results  were  also  confirmed  in  LNCaP  and  C4-2B  cells  stably 
expressing  let-7c.  Stable  expre.ssion  of  let-7c  decreased, 
w'hereas  stable  expression  of  Lin28  increased,  transactivation  of 


reporter  activity  by  AR  (Fig.  2D)  and  secretion  of  PSA  by 
LNCaP  cells  (£).  To  determine  whether  expression  of  let-7c 
affects  the  recruitment  of  AR  to  PSA  and  NKX3.1  promoters, 
Chip  assays  were  performed.  Overexpression  of  let-7c  in 
LNCaP  cells  reduced  binding  of  AR  to  PSA  (Fig.  2F)  and 
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FIGURE  5.  Let-7c  reduces  proliferation  of  PCa  cells.  A,  cell  growth  of  LNCaP  cells  stably  expressing  lJn28  was  determined  by  cell  counting  up  to  96  h. 
Expression  of  Lin28  enhanced  thegrowth  rate  of  LNCaP  cells.  The  /nset(Western  blot  analysis)  shows  the  increase  in  expression  of  AR  with  increas^  expression 
of  Lin28.  B,  cell  growth  of  C4-2B  cells  stably  expressing  iet-7c  was  anaiyzed  up  to  72  h.  Expression  of  iet-7c  decreased  the  growth  rate  of  C4-2B  ceils.  The  inset 
(Western  blot  analysis)  shows  the  reduction  in  AR  protein  ievels  with  expression  of  let-7c  C  relative  expression  leveis  of  let-7c,  AR,  Lin28,  and  Myc  were 
anaiyzed  by  qRT-PCR  in  PCa  xenografts  injected  intratumoraily  with  iet-7c  expressing  ientivi  ruses.  Enhanced  expression  of  let-7c  suppressed  expression  of  AR, 
IJn28,  and  Myc.  Data  points  represent  mean  ±  S.D.  of  tripiicate  sampies  from  two  independent  experiments.  Error  bars  denote  mean  ±  S.D.ps  0.05. 


NKX3.1  (G)  promoters,  whereas  expression  of  Lin28,  a  repres¬ 
sor  of  let-7c,  increased  AR  binding  to  these  promoters.  Collec¬ 
tively,  these  results  demon.strate  that  the  suppression  of  AR 
expression  by  lct-7c  leads  to  decrease  in  the  transactivation 
potential  of  AR,  whereas  increased  AR  expression  by  let-7c 
antisense  or  Lin28  leads  to  an  increase  in  the  transactivation 
potential  of  AR  and  expression  of  its  target  genes. 


Repression  ofAR  by  let-7c  Is  Mediated  by  Afyc— MiRNAs  tar¬ 
get  several  genes  by  binding  to  consensus  binding  sites  in  the  3' 
untranslated  region  of  the  transcript,  leading  to  degradation  of 
the  mRNA  via  tlie  RISC  complex.  Therefore,  we  analy7.ed 
whether  let-7c  binding  sites  exist  in  the  3'  untranslated  region 
of  the  AR  mRNA  using  algorithms  from  miRBase,  TargetScan, 
PictarVert,  and  Microcosm.  Analysis  of  the  3'  untranslated 
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FIGURE  6.  Expression  levels  of  let-7c  and  AR  are  negatively  correlated  in  human  PCa.  A,  relative  expression  levels  of  let-7c  and  AR  were  measured  by 
qRT-PCR  in  total  RNAs  extracted  from  22  human  prostate  cancer  samples.  Levels  of  let-7c  and  AR  were  correlated  negatively  with  each  other,  p  =  0.01 5  by 
two-tailed  Student's  f  test.  6,  plot  showing  the  negative  correlation  between  levels  of  let-7c  and  AR  mRNAs  in  the  above  samples.The  correlation  coefficient  (/?) 
was  found  to  be  —05 1 35.  C  and  D,  plots  showing  negative  correlation  between  relative  expression  levels  of  let-7c  and  Lin28  and  let-7c  and  Myc,  respectively, 
in  the  above  samples,  r  =  -0.1 765  (Lin28)  and  r  =  -03354  (Myc).  E,  representative  Western  blot  analysis  showing  protein  levels  of  Lin28  and  AR  in  extracts 
from  normal,  benign  (B),  and  adjacent  tumor  (T)  containing  human  prostate  samples.  Actin  is  shown  as  a  loading  control.  The  levels  of  Lin28  and  AR  are 
positively  correlated  with  each  other. 


region  of  AR  failed  to  detect  the  presence  of  let-7c  binding  sites. 
To  confirm  whether  let-7c  leads  to  degradation  of  the  AR 
mRNA,  we  analyzed  the  stability  of  AR  mRNA  in  LNCaP  cells 
expressing  high  levels  of  let-7c.  LNCaP  cells  were  transfected 
with  plasmids  expressing  iet-7c,  were  treated  with  vehicle  or  50 
/iM  actinomycin  D  (to  inhibit  rfc  novo  RNA  synthesis),  and  total 
RNAs  were  isolated.  Northern  blotting  (Fig.  3A)  and  qRT-PCR 
(B)  were  performed  with  a  probe  specifically  again.st  AR  mRNA 
and  primers  amplifying  AR  mRNA,  respectively.  As  shown  in 
Fig.  3,  A  and  B,  the  half-life  of  AR  mRNA  in  LNCaP  cells  was 
~3.5  h  in  the  presence  of  androgen,  which  was  not  altered  when 
lct-7c  was  overexpressed  in  LNCaP  cells.  These  results  suggest 
that  let-7c  does  not  enhance  the  degradation  of  AR  mRNA, 
implying  that  a  mechanism  other  than  direct  mRNA  degrada¬ 
tion  may  be  involved  in  let-7c-mediated  AR  inhibition.  Next, 
we  examined  whether  let-7c  affects  transcription  of  AR.  Let-7c 
or  let-7c  antisense  oligos  were  cotransfected  with  a  luciferase 


reporter  driven  by  the  full-length  (~6  kb)  promoter  of  the  AR 
gene  into  LNCaP  cells,  and  luciferase  assays  were  performed. 
Down-regulation  of  let-7c  expression  by  let-7c  antisense 
increased,  whereas  overexpression  cjf  let-7  decreased,  the  acti¬ 
vation  of  the  AR  promoter  (Fig.  3C),  suggesting  that  suppres¬ 
sion  of  AR  expression  by  let-7c  may  be  at  the  level  of 
transcription. 

Because  our  results  showed  that  suppres.sion  of  AR  expres¬ 
sion  and  activity  by  let-7c  is  not  tlirough  typical  miRNA-medi- 
ated  mRNA  degradation  but  at  tlie  level  of  transcription,  we 
hypothesized  that  a  let-7c  target  gene  may  function  as  a  tran¬ 
scriptional  regulator  of  AR.  We  analyzed  whether  any  of  the 
transcription  factors  binding  to  the  AR  promoter  was  a  target  of 
let -7c  using  Matinspector  and  miRBase  and  found  that  Myc, 
which  activates  AR  transcription  by  binding  to  a  consensus  ele¬ 
ment  in  the  AR  promoter  (12),  was  one  of  the  targets  of  let-7c. 
LNCaP  cells  overexpre.ssing  let-7c  were  analyzed  by  Western 
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blotting  to  confirm  whether  let-7c  reduces  Myc  expression. 
Results  showed  that  Myc  expression  was  down-regulated  in 
LNCaP  cells  expressing  let-7c  (Fig.  44).  Similarly,  we  found  an 
increase  in  Myc  expression  in  LNCaP  cells  transfected  with 
let-7c  antisense  oligos  (Fig.  4S).  In  addition,  the  levels  of  Myc 
are  correlated  with  AR  expression  (Fig.  4B).  These  results  were 
confirmed  in  LNCaP  and  C4-2B  cells  stably  expressing  let-7c 
(supplemental  Fig.  2,  A  and  B).  Down-regulation  of  Myc  by  Myc 
shRNA  reduced  AR  promoter  activity  (Fig.  4C)  and  AR  mRNA 
expression  (D),  whereas  overexpression  of  Myc  enhanced  AR 
promoter  activity  (C)  and  AR  mRNA  expression  (D).  Down- 
regulation  of  Myc  also  reduced  the  levels  of  PSA  and  NKX3.1 
mRNA,  whereas  overexpression  of  Myc  enhanced  the  levels  of 
PSA  and  NKX3.1  mRNA  (£). 

To  determine  whether  reduced  expression  of  Myc  is  respon¬ 
sible  for  let-7c-mediated  AR  suppression,  we  cotransfected 
let-7c  with  Myc  in  LNCaP  cells  expressing  a  luciferase  reporter 
driven  by  the  full-length  AR  promoter.  The  results  showed  that 
let-7c  suppressed  AR  promoter  activity,  which  was  reversed  by 
overexpression  of  Myc  (Fig.  4F).  ChIP  assays  were  performed 
using  primers  spanning  the  consensus  binding  site  for  Myc  in 
the  AR  promoter  to  determine  whether  let-7c  affects  the 
recruitment  of  Myc  to  the  promoter  of  the  AR  gene.  Overex¬ 
pression  of  let-7c  reduced,  whereas  overexpression  of  Lin28 
increased  the  recruitment  of  Myc  to  the  AR  promoter  (Fig.  4G). 
To  confirm  that  Myc  mediates  regulation  of  AR  by  let-7c,  we 
transfected  Myc  along  with  the  pGL4-AR  prom-Luc  reporter 
into  LNCaP  and  C4-2B  cells  stably  expressing  let-7c  and  per¬ 
formed  luciferase  assays.  AR  promoter  activity  was  lower  in 
cells  stably  expressing  let-7c,  which  was  reversed  by  overex¬ 
pression  of  Myc  (supplemental  Fig.  3,  A  andB).  Previous  studies 
have  shown  that  Myc  is  a  direct  target  of  let-7c  (31).  Conserved 
let-7c  binding  sites  exist  in  the  3'  untranslated  region  of  Myc 
that  are  conserved  across  several  vertebrate  classes  (supple¬ 
mental  Fig.  4,  A  and  B).  Collectively,  these  results  demonstrate 
that  AR  suppression  by  let-7c  is  mediated  by  direct  down-reg¬ 
ulation  of  Myc. 

To  test  whether  reduction  of  AR  expression  by  let-7c  affects 
proliferation  of  PCa  cells  in  vitro,  we  analyzed  cell  growth  of 
LNCaP  and  C4-2B  cells  stably  expressing  Lin28  or  let-7c, 
respectively.  As  shown  in  Fig.  5,  A  and  B,  expression  of  Lin28 
enhanced  growth  of  LNCaP  cells,  indicating  that  increased 
expression  of  AR  due  to  Lin28  leads  to  increased  growth  of  PCa 
cells.  Similarly,  C4-2B  cells  stably  expressing  let-7c  exhibited  a 
lower  rate  of  growth  compared  with  controls,  indicating  that 
suppression  of  AR  expression  by  let -7c  leads  to  reduced  sur¬ 
vival  of  PCa  cells.  Expression  levels  of  AR  in  these  cell  lines  were 
confirmed  by  Western  blotting  (Fig.  5,  A  and  B,  insets). 

Expression  of  let-7c  Suppresses  AR,  Lin28,  and  Myc  in  PCa 
Xenografts — To  determine  whether  let-7c  suppresses  AR 
expression  in  xenografts  of  PCa  cells  in  vivo,  we  generated 


xenografts  of  AR-positive  C4-2B  and  PC346C  human  PCa  cells 
in  nude  mice.  After  the  tumors  reached  0.5  cm^,  the  control 
mice  were  injected  with  control  lentiviruses,  whereas  experi¬ 
mental  mice  were  injected  intratumorally  with  lentiviruses 
expressing  let-7c.  At  the  end  of  3  weeks,  the  tumors  were 
excised,  RNAs  prepared,  and  levels  of  let- 7c,  AR,  Lin28,  and 
Myc  were  analyzed  by  qRT-PCR.  As  shown  in  Fig.  5C,  expres¬ 
sion  of  let-7c  suppressed  AR,  Lin28,  and  Myc  levels  in  the  xeno¬ 
graft  tissues. 

Let-7c  and  AR  Are  Negatively  Correlated  in  Human  PCa— 
We  have  demonstrated  that  let-7c  represses  AR  expression  and 
that  the  levels  of  let-7c  are  inversely  correlated  with  AR  in  cell 
culture  and  xenografts  of  PCa  mouse  models.  To  determine 
whether  a  correlation  exists  between  expression  levels  of  let-7c 
and  AR  in  clinical  PCa,  we  analyzed  RNAs  from  22  human  PCa 
specimens  by  quantitative  RT-PCR.  RNAs  were  isolated  from 
human  tissues,  reverse-transcribed,  and  subjected  to  qRT-PCR 
using  LNA-conjugated  let-7c  primers  (Exiqon).  This  was  fol¬ 
lowed  by  measurement  of  expression  levels  of  AR  using  primers 
specifically  amplifying  AR  mRNA.  The  levels  of  let-7c  and  AR 
were  negatively  correlated,  with  a  correlation  coefficient  of 
—0.52  using  a  two  tailed  Student’s  t  test  in  Microsoft  Excel 
T ools  (Fig.  6,  A  and  B).  Expression  levels  of  Lin28  and  Myc  were 
also  examined  in  these  specimens  and  were  correlated  nega¬ 
tively  with  expression  levels  of  let-7c  with  correlation  coeffi¬ 
cients  of —0.1765  and  —0.3354,  respectively,  using  a  two-tailed 
Student’s  t  test  in  Microsoft  Excel  Tools  (Fig.  6,  C  and  D).  The 
correlation  coefficients  do  not  show  a  perfect  negative  correla¬ 
tion  between  expression  levels  of  the  respective  genes  but  dem¬ 
onstrate  a  trend  toward  negative  correlation,  which  should  be 
validated  with  larger  numbers  of  samples. 

As  Lin28  is  a  key  regulator  of  let-7c  expression,  we  examined 
Lin28  expression  in  42  archival  matched  pairs  of  benign  and 
cancerous  human  prostate  samples  and  20  samples  of  normal 
prostate  by  Western  blotting  using  an  antibody  specifically 
against  Lin28  (Abeam).  The  levels  of  Lin28  protein  expression 
were  higher  in  most  of  the  tumors  compared  with  the  matched 
benign  prostates  (Fig.  6£).  We  found  that  86%  of  tumor  tissues 
were  positive  for  Lin28,  whereas  only  47%  of  benign  and  40%  of 
normal  tissues  exhibited  Lin28  expression.  We  also  analyzed 
expression  levels  of  AR  in  these  samples  by  Western  blotting, 
and  the  results  show  that  AR  levels  correlate  with  Lin28  levels 
(Fig.  6£).  Collectively,  these  data  suggest  that  expression  levels 
of  let-7c  and  AR  are  negatively  correlated  with  each  other  and 
that  Lin28  is  overexpressed  in  prostate  cancer  versus  benign 
prostate  and  is  correlated  positively  with  AR. 

Expression  Levels  of  AR,  Lin28,  and  Myc  Are  Increased  in 
Human  PCa — To  validate  our  above  results  from  clinical  PCa 
specimens,  gene  expression  analysis  was  performed  using 
public  domain  data  sets  deposited  in  the  Gene  Expression 
Omnibus  of  the  National  Center  for  Biotechnology  Informa- 


FIGURE  7.  Expression  levels  of  AR,  Lin28  and  Myc  are  correlated  with  each  other  in  human  PCa.  A,  comparison  of  AR,  Un28,  and  Myc  expression  in  the 
dataset  GDS1439  (23).  Benign,  n  =  6;  primary  prostate  cancer,  n  =  7;  and  metastatic  prostate  cancer,  n  =  6.  6,  comparison  of  AR,  Lin28,  and  Myc  levels  in 
GDS2547  (24).  Normal  prostate  tissue,  n=  18;  normal  tissue  adjacent  to  tumor,  n=  16;primary  prostate  cancer,  rr  =  65;  and  metastatic  prostate  cancer,  n  =  25. 
Data  are  expressed  as  mean  ±S.E.  (in  percentages)  of  the  maximum  single  channel  count  determined  in  each  data  set.  C,  gene  expression  analysis  using  the 
Oncomine  database  showing  the  relative  expression  levels  of  AR,  Lin28,  and  Myc  in  three  datasets  comparing  normal  prostate  tissue  and  prostate  cancer. 
Wallace_prostate:  normal,  n  =  20;  cancer,  n  =  69.  Yu_prostate:  normal,  n  =  23;  cancer,  rj  =  64.  VanaJa_prostate:  normal,  n  =  8;  cancer,  n  =  32.  Data  are 
presented  as  mean  ±  S.E.  of  normalized  expression  units  according  to  Oncomine  output. 


JANUARY  6, 201 2-VOLUME  287-  NUMBER  2 


JOURNAL  OF  BIOLOGICAL  CHEMISTRY  1535 


Downloaded  from  http://www.jbc.org/  at  University  of  California,  Davis  on  July  1, 2015 


Let-7c  Suppresses  AR  in  Prostate  Cancer 


tion  and  in  Oncomine.  The  former  utilized  data  sets  generated 
by  Affymetrix  human  genome  microarrays  of  well  described 
human  tissues,  whereas  the  latter  utilized  the  Oncomine  cancer 
transcriptome  data.  Analysis  of  Affymetrix  human  gene  arrays 
demonstrated  that  expression  levels  of  AR,  Lin28,  and  Myc 
were  enhanced  (p  s  0.05)  in  primary  and  metastatic  prostate 
cancer  specimens  compared  with  benign  prostate  specimens 
(Fig.  7,  A  and  B).  Similarly,  significant  (p  s  0.001)  increases 
were  observed  in  expression  levels  of  AR,  Lin28,  and  Myc  in 
prostate  cancer  specimens  compared  with  their  normal  coun¬ 
terparts  and  were  positively  correlated  with  each  other  (Fig. 
7Q.  These  results  imply  that  Lin28  and  Myc  play  important 
roles  in  the  regulation  of  AR  expression  in  human  PCa.  Down- 
regulation  of  expression  of  let-7c  in  human  PCa  may  lead  to 
higher  levels  of  expression  of  Lin28  and  Myc,  which  in  turn 
enhance  the  expression  of  AR,  which  is  an  important  survival 
factor  for  PCa  cells. 

DISCUSSION 

In  this  study,  we  found  that  let-7c  suppresses  AR  expression 
via  a  transcriptional  mechanism  involving  Myc.  Down-regula¬ 
tion  of  let-7c  by  antisense  oligonucleotides  increased  AR 
expression,  thereby  conferring  a  survival  advantage  on  PCa 
cells.  We  also  found  that  down-regulation  of  Lin28  in  PCa  cells 
led  to  an  up-regulation  of  let-7c  expression  and  inhibited  cell 
growth.  These  results  suggest  that  this  novel  pathway  by  which 
miRNA  let-7c  regulates  AR  expression  and  PCa  cell  prolifera¬ 
tion  may  be  exploited  for  therapeutic  applications. 

A  tumor  suppressor  role  has  been  attributed  to  the  let-7  fam¬ 
ily  of  miRNAs  in  several  human  cancers.  Here,  we  demonstrate 
that  let-7c  functions  as  a  tumor  suppressor  that  inhibits  pros¬ 
tate  tumor  growth  by  regulating  AR  expression.  The  most 
important  and  well  studied  targets  of  let-7  are  the  oncogenes: 
HMGA2,  RAS,  and  Myc.  Each  of  these  proteins  is  an  important 
transcription  factor,  and  it  is  conceivable  that  by  repressing 
their  expression  directly,  let-7  may  influence  cancer  cell  prolif¬ 
eration  in  a  cell  type-  and  target-specific  manner.  In  our  study, 
we  show  that  by  targeting  Myc,  which  is  a  pivotal  transcription 
factor  regulating  the  expression  of  AR  in  PCa  cells,  let-7c  sup¬ 
presses  AR  expression  and  plays  an  important  tumor  suppres¬ 
sor  role  in  PCa.  Our  results  also  indicate  that,  if  feasible  strate¬ 
gies  to  reconstitute  let-7c  in  prostate  tumors  can  be  developed, 
reconstitution  of  let -7c  may  become  a  potential  therapeutic 
agent  for  prostate  cancer  treatment.  The  down-regulation  of 
potential  oncogenic  and  survival  factors  by  let -7c  may  repre¬ 
sent  an  attractive  therapeutic  opportunity  in  human  PCa. 

It  is  well  documented  that  Lin28  plays  a  major  role  in  regu¬ 
lation  of  let-7c  expression  (14,  32).  Overexpression  of  Lin28 
inhibited  let -7c  expression  in  LNCaP  cells,  whereas  knockdown 
of  Lin28  expression  increased  let -7c  in  C4-2B  cells.  In  addition, 
we  showed  that  expression  levels  of  let-7c  and  Lin28  are  corre¬ 
lated  inversely  with  each  other  in  the  tumors  of  prostate  cancer 
xenograft  models  as  well  as  in  prostate  cancer  clinical  speci¬ 
mens,  indicating  that  a  negative  feedback  loop  exists  between 
Lin28  and  let-7c.  Since  overexpression  of  Lin28  enhanced  AR 
expression  and  increased  cell  growth  in  prostate  cancer  cells,  it 
is  possible  that  overexpression  of  let-7c  suppresses  AR  expres¬ 
sion  on  one  hand  while  negatively  regulating  Lin28  expression 


on  the  other  hand,  leading  to  further  inhibition  of  prostate 
tumor  growth. 

The  AR  is  an  important  survival  factor  in  prostate  cells  and 
tumors.  Up-regulation  of  AR  expression  has  been  recognized  as 
a  major  determinant  in  the  pathogenesis  of  PCa.  Up-regulation 
of  AR  expression  has  been  shown  to  be  sufficient  for  conversion 
of  a  castration-sensitive  phenotype  to  a  castration-resistant 
phenotype  (33).  CRPC  tissues  expressing  higher  levels  of  the 
AR  require  80%  lower  concentrations  of  androgens  to  maintain 
androgen  signaling  (34).  High  levels  of  AR  expression  also  con¬ 
vert  AR  antagonists  like  bicalutamide  and  flutamide  into  ago¬ 
nists  and  confer  promiscuity  to  ligands  like  estrogens  (33). 
Recent  data  also  indicate  that  elevated  expression  of  the  AR 
detected  in  biopsy  specimen  predicts  response  or  resistance  to 
therapy  (35).  Silencing  AR  signaling  by  down-regulating  its 
expression  has  been  the  focus  of  research  efforts  in  the  recent 
past.  Use  of  synthetic  siRNA,  AR  antisense,  geldanamycin  ana¬ 
logs,  and  selective  AR  modulators  (SARMs)  has  demonstrated 
that  down-regulation  of  AR  expression  is  sufficient  to  slow 
prostate  tumor  growth  and  induce  apoptosis  (36-39).  In  view 
of  the  above  studies  and  the  importance  of  the  AR  in  PCa  patho¬ 
genesis,  our  study,  which  shows  a  novel  way  of  antagonizing  AR 
expression  and  thereby  CRPC  progression  by  let-7c,  may  have 
important  translational  implications. 

In  summary,  we  show  that  the  miRNA  let-7c  plays  an  impor¬ 
tant  role  in  regulation  of  androgen  signaling  by  down-regulat¬ 
ing  AR  expression  and  thereby  inhibits  PCa  cell  proliferation. 
Our  results  suggest  that  re-expression  of  the  miRNA  let-7c  may 
help  target  enhanced  and  hypersensitive  AR  in  advanced  PCa. 
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Abstract 

Background  The  emergence  of  castration  resistance  has 
remained  the  primary  obstacle  in  prostate  cancer  therapy 
for  several  decades.  Mechanisms  likely  to  be  involved  in 
castration-resistant  progression  have  been  studied  exten¬ 
sively,  but  have  failed  to  yield  many  meaningful  and  elfec- 
tive  targets.  The  re-activation  of  the  androgen  receptor 
(AR)  in  castration-resistant  prostate  cancer  (CRPC)  is  now 
recognized  as  the  central  event  in  this  process,  and  thera¬ 
peutic  modalities  are  being  devised  to  combat  it. 

Methods  A  review  of  literature  was  performed  to  high¬ 
light  the  important  factors  that  play  a  role  in  the  aberrant 
activation  of  the  AR  in  CRPC. 

Results  Seminal  and  exciting  advances  made  in  the  past 
few  years  in  the  discovery  of  the  roles  of  new  intrinsic  fac¬ 
tors  such  as  intracrine  androgens,  gene  fusions  involving 
the  ETS  oncogenes,  and  splice  variants  of  the  AR  are 
reviewed.  New  and  emerging  hypotheses  about  the  involve¬ 
ment  of  factors  such  as  cytokines  and  other  signaling  path¬ 
ways  are  discussed. 

Conclusions  This  review  summarizes  the  most  recent 
advances  in  the  persistent  activation  of  the  androgen  recep¬ 
tor  signaling  pathway  and  provides  a  perspective  about 
their  significance  in  CRPC  progression. 
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Introduction 

Prostate  cancer  (CaP)  has  emerged  as  one  of  the  leading 
causes  of  cancer-related  mortality  among  men  in  the  West¬ 
ern  World,  accounting  for  94,000  deaths  in  Europe  in  2008 
and  32,050  deaths  in  the  United  States  in  2010  [1].  Andro¬ 
gen  ablation  therapy  is  the  treatment  of  choice  for  andro¬ 
gen-dependent  prostate  cancer,  but  most  patients  eventually 
progress  to  a  castration-resistant  stage  at  which  therapeutic 
choices  are  limited.  Castration-resistant  prostate  cancer 
(CRPC)  is  often  characterized  by  overexpression  or  hyper¬ 
activation  of  the  androgen  receptor  (AR)  despite  availabil¬ 
ity  of  only  castrate  levels  of  androgens.  Several 
mechanisms  including  amplification  of  the  AR  gene,  muta¬ 
tions,  overexpression  of  co-activators,  activation  by  growth 
factors  or  cytokine  signaling,  cross-talk  with  other  tran¬ 
scription  factors,  synthesis  of  intracrine  androgens  by  the 
prostate  tumors,  and  synthesis  of  constitutively  active 
splice  variants  have  been  implicated  in  the  persistent  acti¬ 
vation  of  the  AR  in  CRPC.  Pre-clinical  studies  have  vali¬ 
dated  these  concepts,  and  there  has  been  a  considerable 
paradigm  shift  in  recent  years  regarding  the  role  of  the  AR 
and  androgens  in  CaP,  which  is  reflected  by  the  recognition 
that  targeting  functional  AR  in  CRPC  is  essential  for  the 
success  of  any  therapy.  shRNA-mediated  knockdown  of 
AR  attenuated  ligand-independent  activation  and  delayed 
tumor  progression  [2].  This  has  encouraged  the  develop¬ 
ment  of  several  inhibitors  of  AR  transcriptional  activity  tar¬ 
geting  different  domains  that  are  currently  in  clinical  trials. 
This  review  will  focus  on  the  knowledge  gained  in  the  past 
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few  years  about  the  aberrant  activation  of  the  AR  by  some 
of  the  factors  outlined  above. 


Amplification  of  the  AR  gene 

Amplification  of  the  AR  gene  has  been  suggested  as  one  of 
the  mechanisms  of  hormone-refractory  CaP.  Comparative 
genome  hybridization  showed  the  amplification  of  AR  gene 
in  30%  of  recurrent  prostate  tumors  after  failure  of  andro¬ 
gen  deprivation  therapy  [3].  Expression  profiling  by  micro¬ 
array  showed  increased  AR  mRNA  in  hormone -refractory 
prostate  tumor  xenografts  compared  to  their  hormone- 
sensitive  parental  cells  [4].  The  study  also  showed  that 
hormone-refractory  tumor  growth  mediated  by  AR  amplifi¬ 
cation  is  still  dependent  on  androgens  and  that  higher  levels 
of  the  AR  convert  antagonists  to  agonists  and  alter  co-acti- 
vator  assemblies  [4].  An  association  between  AR  gene 
amplification  and  therapy  response  has  been  demonstrated 
in  patients  who  underwent  combined  androgen  blockade 
after  initial  androgen  deprivation  [5].  Some  studies  have 
found  that  increase  in  AR  mRNA  and  as  a  result  AR  protein 
level  occurs  in  CRPC,  irrespective  of  AR  gene  copy 
number  [6],  suggesting  that  other  mechanisms  that  enhance 
the  expression  of  the  AR  play  critical  roles  in  castration- 
recurrent  progression. 

AR  mutations 

AR  is  the  most  mutated  one  among  the  steroid  hormone 
receptors,  with  >660  mutations  being  reported  to  date. 
Great  variability  has  been  found  in  the  frequency  of 
somatic  AR  mutations  in  CaP,  with  25%  frequency  in 
androgen-dependent  CaP,  and  up  to  50%  in  hormone- 
refractory  and  metastatic  CaP.  The  gain-of-function  AR 
mutations  in  CaP  are  detected  in  different  functional 
domains  but  rarely  in  the  5'-  and  3 '-untranslated  regions  of 
the  transcript.  Most  of  the  mutations  are  single  base  substi¬ 
tutions  that  affect  AR  function  either  directly  or  indirectly. 
The  LED  harbors  ~40%  of  these  mutations,  while  the  NTD 
and  the  DBD  harbor  ~37  and  ~9%,  respectively  [7].  Muta¬ 
tions  in  the  LED  may  alter  the  sensitivity  of  AR  to  weak 
ligands  such  as  adrenal  androgens  or  even  antagonists  such 
as  bicalutamide  or  flutamide.  Activating  mutations  of  the 
AR  may  also  alter  interactions  with  co-regulators  and 
impair  intramolecular  interactions  [8].  Polyglutamine  tract 
and  CAG  repeat  mutations  have  been  shown  to  produce  a 
more  active  and  stable  receptor  [9].  Mutations  that  disrupt 
the  inhibitory  hinge  region  thus  leading  to  enhanced  activ¬ 
ity  of  the  AF-2  domain  have  also  been  described  [10].  A 
recent  study  reported  that  the  frequency  of  mutations  in  the 
AR  is  higher  in  metastatic  and  hormone-refractory  CaP 


compared  to  localized  untreated  disease  [11].  Another 
study  showed  that  AR  mutations  and  mutation  frequencies 
can  be  detected  in  circulating  tumor  cells  from  the  blood  of 
CaP  patients  [12],  suggesting  that  these  approaches  may 
compensate  for  the  difficulties  in  obtaining  metastatic  tissue 
from  CaP  patients.  It  has  been  suggested  that  AR  mutants 
may  exploit  several  mechanisms  to  evade  therapy  including 
altered  stability,  promoter  preference,  or  ligand  specificity 
[13].  Hence,  the  development  and  validation  of  reliable 
protocols  for  the  accurate  assessment  of  the  functional  sta¬ 
tus,  frequency,  and  functional  relevance  of  mutations  in  the 
AR  may  be  critical  for  the  successful  development  and  clin¬ 
ical  implementation  of  novel  targeted  therapies  for  progres¬ 
sive  CRPC. 


Gene  fusions 

Gene  fusions  or  chromosomal  rearrangements  include 
chromosome  translocations  or  deletions  that  result  in  fusion 
of  two  distinct  genes.  Recently,  gene  fusions  involving  the 
prostate  specific  gene  transmembrane  protease,  serine  2 
(TMPRSS2),  and  members  of  the  erythroblastosis  virus 
E26  transforming  sequence  (ETS)  family  of  transcription 
factors  were  identified  in  human  prostate  cancers. 
TMPRSS2/ERG  is  detected  in  about  50%  of  PSA-screened 
localized  prostate  cancers  [14].  The  androgen-regulated 
TMPRSS2  gene  and  the  transcription  factor  ERG  (the  most 
common  ETS  gene  in  the  fusion  events)  are  located  about 
3  Mb  apart  on  chromosome  21q22  [15].  In  a  report  that 
summarized  15  studies  containing  1,051  cases,  477  samples 
(45%)  were  positive  for  TMPRSS2/ERG  reaiTangements 
[16].  Fusion  of  the  two  genes  results  in  the  androgen-regu¬ 
lated  expression  of  the  truncated  ERG  gene,  which  may 
have  a  possible  causal  role  in  the  prostate  cancer-specific 
death  of  TMPRSS2/ERG-positive  patients  [17].  It  has  been 
suggested  that  TMPRSS2/ERG  fusion  is  an  early  event  in 
the  initiation  of  prostate  cancer  that  drives  the  transforma¬ 
tion  of  the  prostate  epithelium  [15,  18].  Studies  have  shown 
that  expression  of  the  TMPRSS2/ERG  fusion  transcript  in 
luminal  prostate  led  to  precancerous  prostate  intraepithelial 
neoplasia  (PIN)  but  not  prostate  cancer  [19].  The  rearrange¬ 
ment  was  found  to  be  homologous  in  the  circulating  tumor 
cells  (CTCs)  from  49  patients,  and  the  expression  of  the 
fusion  gene  did  not  change  with  the  development  of  castra¬ 
tion  resistance  [18].  Androgen  induces  expression  of  the 
fusion  transcript  in  non-malignant  prostate  epithelial  cells 

[20] .  TMPRSS2/ERG  gene  fusion  was  found  to  be  associ¬ 
ated  with  lower  core-specific  and  overall  Gleason  scores 
and  not  with  high-grade  morphologies.  Conversely, 
TMPRSS2/ERG  copy  number  increase,  with  or  without 
rearrangement,  was  associated  with  higher  Gleason  score 

[21] .  ERG  disrupts  androgen  receptor  (AR)  signaling  by 
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inhibiting  AR  expression,  binding  to  and  inhibiting  AR 
activity  at  gene-specific  loci,  and  inducing  repressive  epige¬ 
netic  programs  via  direct  activation  of  the  H3K27  methyl- 
transferase  EZH2,  a  Polycomb  group  protein.  These 
findings  provide  a  working  model  in  which  TMPRSS2/ 
ERG  plays  a  critical  role  in  cancer  progression  by  disrupt¬ 
ing  lineage-specific  differentiation  of  the  prostate  and 
potentiating  the  EZH2-mediated  dedifferentiation  program 
[22].  Transgenic  overexpression  of  ERG  in  a  PTEN  haplo- 
insulficient  background  promotes  proliferation  and  progres¬ 
sion  of  prostatic  adenocarcinoma  in  a  mouse  model  [23].  In 
addition,  it  was  reported  that  CaP  specimens  harboring  the 
TMPRSS2/ERG  fusion  were  significantly  enriched  for  the 
loss  of  the  tumor  suppressor  PTEN  [23].  Another  study 
showed  that  TMPRSS2/ERG  fusions  and  loss  of  PTEN 
together  are  a  predictor  of  earlier  biochemical  recurrence  of 
CaP  [24].  These  findings  show  that  aberrant  expression  of 
ERG  is  a  progression  event  in  prostate  tumorigenesis. 

A  number  of  strategies  targeting  the  TMPRSS2/ERG 
fusions  have  been  developed  [14].  It  is  likely  that  the 
current  therapies  that  target  androgen  signaling  have  at 
least  a  partial  effect  on  the  fusion  transcript,  since 
TMPRSS2  is  an  androgen-regulated  gene.  Urinary  detection 
of  the  TMPRSS2/ERG  fusion  transcript  has  been  suggested 
to  be  able  to  predict  prostate  cancer  prognosis  when  com¬ 
bined  with  serum  PSA  [25].  Targeting  Poly  (ADP-Ribose) 
Polymerase  1  (PARPl)  was  recently  shown  to  be  beneficial 
in  ETS -fusion-positive  prostate  cancers  [26].  The  prognos¬ 
tic  or  diagnostic  value  of  the  detection  of  gene  fusions  in 
CRPC  remains  to  be  determined  in  clinical  studies. 


Chromosomal  rearrangement  and  activation 
of  androgen-regulated  genes 

The  spatial  and  temporal  spacing  and  restructuring  of  AR 
binding  sites  and  components  of  AR  transcriptional  com¬ 
plexes  that  control  different  target  genes  have  long 
remained  elusive.  A  few  recent  studies  shed  some  light  on 
these  aspects.  Wang  et  al.  [27]  showed  that  in  contrast  to 
other  nuclear  receptor-driven  transcriptional  complexes,  the 
levels  of  regulatory  regions  bound  by  AR  transcriptional 
complexes  rise  over  a  period  of  16  h  and  then  decline 
slowly.  Three  models  have  been  proposed  to  explain  how  a 
distal  enhancer  communicates  with  a  proximal  promoter. 
The  looping  model  proposes  that  proteins  bound  to  enhanc¬ 
ers  directly  interact  with  the  proteins  bound  to  promoters 
with  the  intervening  DNA  looped  out;  the  tracking  model 
suggests  signals  recruited  by  enhancers  slide  through  the 
DNA  to  promoters;  the  linking  model  proposes  that  the 
looped  enhancer-promoter  communication  involves  propa¬ 
gation  of  nucleoprotein  structures  along  the  intervening 
DNA  [28,  29].  The  regulation  of  PSA  promoter  by  AR  has 


been  shown  to  involve  chromosomal  looping  that  regulates 
the  tracking  of  RNA  polymerase  II  from  the  enhancer  to  the 
proximal  promoter  AREs  [27] .  The  current  model  proposes 
that  unlike  other  nuclear  receptors,  AR  activity  involves 
sustained  chromatin  association  and  transcriptional  activa¬ 
tion  of  target  genes  for  more  than  96  h.  This  activity  of  AR 
is  dependent  on  phosphorylated  Pol  II  tracking  from  the 
PSA  enhancer  to  the  promoter  through  looped  DNA 
[27].  This  group  also  showed  that  AR  collaborates  with 
other  transcription  factors  such  as  EOXAl,  GATA2,  and 
Octl  in  regulating  promoters  of  target  genes  such  as  PSA 
and  TMPRSS2  [30].  These  authors  demonstrated  that 
the  AR  executes  a  distinct  transcriptional  program  with 
regulation  of  M-phase  genes  such  as  UBE2C  (ubiquitin- 
conjugating  enzyme  2C)  in  CRPC  cells  as  opposed  to 
androgen-dependent  CaP  and  that  it  cooperates  with  other 
transcription  factors  in  this  process  [31].  These  findings 
reveal  the  complexity  of  the  transcriptional  network  regu¬ 
lated  by  the  AR  in  CRPC. 

Intrinsic  factors 

The  most  exciting  recent  findings  in  the  field  of  CaP 
research  have  been  the  identification  of  steroidogenic  abil¬ 
ity  of  CaP  cells  and  the  discovery  of  truncated  forms  of  the 
AR  encoded  by  splice  variants.  We  will  summarize  the 
salient  findings  below  as  pertinent  to  this  review. 

AR  variants 

The  AR  is  a  1 10-kDa  protein  composed  of  an  N-terminal 
ligand-independent  transactivation  domain  (NTD),  a  cen¬ 
tral  DNA-binding  domain  (DBD),  a  short  hinge  region,  and 
a  C-terminal  region  composed  of  a  ligand-binding  domain 
(LBD),  a  ligand-dependent  activation  function-2  (AP-2), 
and  a  bipartite  nuclear  localization  sequence  (NLS).  The 
human  AR  gene  contains  8  exons  (with  the  recent  identifi¬ 
cation  of  another  exon  downstream  of  exon  8,  named  exon 
9  [32]).  The  earliest  reports  of  the  presence  of  AR  splice 
variants  have  been  sporadic  and  identified  two  constitu- 
tively  active  variants  in  the  CWR22Rvl  cell  line  and  postu¬ 
lated  that  these  are  the  result  of  proteolytic  cleavage 
[33].  But  several  groups  have  recently  identified  a  multi¬ 
tude  of  other  variants  that  appear  to  be  products  of  insertion 
of  a  premature  stop  codon  generated  due  to  the  duplication 
and  insertion  of  exons  2  and  3.  The  first  variants  identified 
in  the  CWR22Rvl  cell  line  contained  a  duplicated  17-bp 
portion  of  exon  2  after  exons  2  or  3  [34].  The  AR  variants 
described  to  date  have  been  shown  to  promote  castration- 
resistant  progression  in  in  vitro  and  in  vivo  models  of  CaP, 
and  suppression  of  their  expression  resulted  in  decreased 


^  Springer 


290 


World  J  Urol  (2012)  30:287-295 


Table  1  List  of  AR  variants 


Name 

Splice 

junction 

Alternative  names 

Transcriptional 

activity 

AR-Vl 

3/CEl 

AR4 

Conditional 

AR-V2 

3/3/CEl 

N/A 

Unknown 

AR-V3 

2/CE4 

AR  l/2/2b 

Constitutive 

AR-V4 

3/CE4 

AR  l/2/3/2b;  AR5 

Constitutive 

AR-V5 

3/CE2 

N/A 

Unknown 

AR-V6 

3/CE2 

N/A 

Unknown 

AR-V7 

3/CE3 

AR3 

Constitutive 

AR-V8 

3/intron  3 

N/A 

Unknown 

AR-V9 

3/CE5 

N/A 

Conditional 

AR-VIO 

3/intron  3 

N/A 

Unknown 

AR-Vl  1 

3/intron  3 

N/A 

Unknown 

AR-V12 

4/8/9 

ARv567es 

Constitutive 

AR-Vl  3 

6/9 

N/A 

Unknown 

AR-V14 

7/9 

N/A 

Unknown 

proliferation  of  CaP  cell  lines  [35].  Gene  expression  analy¬ 
ses  indicated  that  these  variants  are  functionally  different 
from  the  full-length  AR  and  regulate  a  distinct  spectrum  of 
target  genes  [35,  36]. 

To  date,  up  to  14  splice  variants  of  AR  have  been 
described,  named  from  AR-Vl  to  AR-V14  (summarized  in 
Table  1,  refer  to  [32]  for  individual  articles).  All  constitu- 
tively  active  AR  variants  are  characterized  by  nuclear  local¬ 
ization  in  the  absence  of  ligand,  while  all  inactive  forms  are 
localized  in  the  cytoplasm.  Some  controversy  exists  regarding 
the  requirement  of  full-length  AR  for  the  activity  of  these 
variants  with  some  arguing  that  full-length  AR  is  required 
[37],  while  others  suggest  that  full-length  AR  may  not  be 
required  for  full  transcriptional  activity  of  the  constitutively 
active  variants  [32].  Although  expression  levels  of  the 
splice  variants  are  elevated  in  CRPC  specimens,  the  abso¬ 
lute  abundance  of  individual  variants  is  ~2  orders  of  mag¬ 
nitude  lower  than  that  of  full-length  AR  [37].  Expression  of 
the  variants  was  suggested  to  likely  be  an  acute  response  to 
castration,  rather  than  a  driver  of  castration-resistant  pro¬ 
gression  [37].  Expression  of  AR  splice  variants  has  also 
been  detected  in  CaP  bone  metastases  and  is  associated 
with  castration  recurrence  and  shorter  survival  [38].  Taken 
together,  these  studies  demonstrate  the  complexity  of  the 
AR  signaling  pathway  and  attest  to  the  importance  of  iden¬ 
tifying  AR  splice  variants  in  patient  samples  to  help  in 
prognosis. 

Intracrine  androgens 

Prostate  cells  are  not  only  dependent  on  the  supply  of  circu¬ 
lating  testicular  androgens  but  can  also  survive  with  adrenal 


androgens.  Even  though  androgen  ablation  reduces  the  lev¬ 
els  of  circulating  androgens  to  castrate  levels  [39],  persis¬ 
tent  activation  of  the  AR  has  been  observed  in  CRPC  and 
metastatic  tissues  [40].  The  expression  of  in  situ  androgen- 
producing  enzymes  in  CaP  cells  was  reported  several  years 
ago  [41],  but  its  significance  in  CRPC  has  only  recently 
come  to  light.  It  has  been  postulated  that  the  continued  acti¬ 
vation  of  the  AR  in  CRPC  is  partly  due  to  the  ability  of  CaP 
cells  to  synthesize  intracellular  androgens  from  other  pre¬ 
cursors.  Intraprostatic  androgen  levels  persist  at  ~20-30% 
of  pre-castration  levels  after  medical  castration  in  healthy 
men  [42].  CRPC  cells  acquire  the  full  steroidogenic  poten¬ 
tial  to  synthesize  intracrine  androgens  from  cholesterol  by 
upregulation  of  steroidogenic  enzymes  [43].  The  AR  can 
also  be  activated  by  the  intratumoral  bioconversion  of 
androstanediol  to  DHT  in  CaP,  bypassing  the  synthesis  of 
testosterone.  The  steroidogenic  potential  of  CRPC  cells  and 
tissues  and  the  elevated  expression  levels  of  androgen  bio¬ 
synthetic  enzymes  in  CRPC  predict  that  androgen  depriva¬ 
tion  therapies  are  destined  to  fail  in  the  majority  of  patients 
[44].  Recent  studies  also  show  that  alterations  in  choles¬ 
terol  regulation  may  contribute  to  the  steroidogenic  poten¬ 
tial  of  CaP  cells  [45]  and  that  steroidogenic  enzymes  and 
stem  cell  markers  are  upregulated  in  CRPC  [46].  The  inter¬ 
est  generated  by  this  phenomenon  has  resulted  in  the  gen¬ 
eral  acceptance  of  intracrine  androgen  synthesis  as  one  of 
the  mechanisms  of  continued  AR  activation  in  CRPC  [47], 
even  though  one  study  showed  only  limited  contributions  to 
CRPC  progression  by  intratumoral  androgen-synthesizing 
enzymes  [48].  Targeting  intracrine  androgen  biosynthesis 
is  currently  being  pursued  as  a  potential  therapeutic  strat¬ 
egy  for  CRPC  [49]. 

Extrinsic  factors 

Pro-inflammatory  cytokines 

The  significance  of  interleukins-4,  6,  and  8  has  been  inves¬ 
tigated  extensively  in  the  past  few  years.  They  play  pivotal 
roles  in  cell  cycle  progression,  apoptosis,  angiogenesis, 
migration,  and  invasion  of  cancer  cells.  IL-6  is  a  pleiotropic 
pro-inflammatory  cytokine  that  binds  the  IL-6  receptor  on 
the  cell  surface  and  signals  through  Janus  kinases  and 
downstream  effector  STAT3  (signal  transducer  and  activa¬ 
tor  of  transcription  3).  Elevated  levels  of  serum  IL-6  and  of 
soluble  IL-6  receptor  have  been  associated  with  CRPC  pro¬ 
gression  and  are  predictive  of  recurrence  after  treatment  of 
localized  cancer  [50,  51].  IL-6  exhibits  multifaceted  effects 
in  human  prostate  cancer  cells  used  in  many  studies.  In 
LAPC-4  and  MDA-PCa-2b  cells,  the  effects  of  IL-6  treat¬ 
ment  are  agonistic,  while  in  LNCaP  cells  derived  from  a 
lymph  node  metastasis,  short-term  treatment  with  IL-6 
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inhibits  proliferation  with  induction  of  STAT3  phosphory¬ 
lation  and  induces  neuroendocrine  differentiation  [52]. 
After  prolonged  treatment  with  IL-6,  LNCaP  cells  acquire 
an  IL-6  autocrine  loop,  in  which  they  are  growth  stimulated 
by  IL-6  and  exhibit  castration-resistant  growth  [53].  These 
differential  effects  are  also  reflected  on  the  expression  of  the 
AR  with  its  expression  being  reduced  with  short  treatments 
and  chronic  treatments  leading  to  overexpression.  In  addi¬ 
tion,  IL-6  has  been  shown  to  enhance  the  resistance  of  pros¬ 
tate  cancer  cells  to  the  anti-androgen  bicalutamide  by 
enhanced  recruitment  of  the  co-activator  TIF-2/GRIP-1 
[54]  and  to  induce  ligand-independent  activation  of  the  AR 
through  another  co-activator  SRC-1  [55].  IL-6  also  induces 
the  expression  of  several  steroidogenic  enzymes  including 
AKR1C3  and  HSD3B2,  leading  to  enhanced  synthesis  of 
intracellular  androgens  by  prostate  cancer  cells  and  tissues 
[56].  In  AR-negative  prostate  cancer  cells  such  as  PC-3  and 
DU145,  IL-6  acts  as  an  autocrine  growth  factor  and  an 
inhibitor  of  apoptosis  [57].  IL-6  exhibits  trans-signaling  via 
the  soluble  IL-6  receptor  and  plays  important  roles  in  regu¬ 
lation  of  invasion  and  metastasis  [58].  IL-6  is  also  synthe¬ 
sized  by  osteoblasts  and  promotes  osteoblastogenesis 
[59].  Interactions  between  metastatic  prostate  cancer  cells 
and  osteoblasts  increase  the  local  concentrations  of  IL-6  in 
the  bone  microenvironment  [60].  These  results  suggest  that 
IL-6  may  promote  the  incidence  of  bone  metastases 
through  the  activation  of  AR  in  the  bone  microenviron¬ 
ment,  thereby  conferring  a  survival  advantage  on  the  meta¬ 
static  cells. 

Paracrine  factors  such  as  IL-6  have  long  been  strong 
candidates  for  therapeutic  intervention.  Several  pre-clinical 
studies  targeting  IL-6  activity  with  neutralizing  antibodies 
[61,  62]  have  resulted  in  the  development  of  the  first 
humanized  anti-IL-6  antibody,  siltuximab,  which  is  being 
evaluated  in  clinical  trials.  Although  initial  results  as  mono¬ 
therapy  are  not  promising  [63],  it  shows  potential  as  a  sen¬ 
sitizing  agent  to  chemotherapeutic  drugs  like  docetaxel  and 
may  be  considered  for  combination  strategies.  In  a  recently 
reported  phase  I  study,  siltuximab  succeeded  in  reducing 
phosphorylation  of  STAT3  and  MAPK,  while  downregulat¬ 
ing  genes  immediately  downstream  of  IL-6  in  the  IL-6 
pathway  such  as  GRB2,  SHC,  SOS-1,  and  JAK3.  Interest¬ 
ingly,  in  this  study,  siltuximab  also  downregulated  the 
expression  levels  of  key  enzymes  such  as  HSD17B1  and 
HSD3B1  in  the  androgen  biosynthetic  pathway  [64].  These 
findings  suggest  that  IL-6  plays  a  major  role  in  CRPC  pro¬ 
gression  and  targeting  it  may  confer  therapeutic  benefit. 

IL-4  is  another  pro-inflammatory  cytokine  that  signals 
through  its  receptor  and  downstream  effector  STAT6.  Lev¬ 
els  of  IL-4  are  elevated  in  sera  of  CaP  patients  [65],  and 
IL-4  activates  the  AR  and  induces  expression  of  its  target 
genes  mediated  by  the  Akt  pathway  [66].  Activation  of  AR 
by  IL-4  occurs  via  recruitment  of  the  co-activator  CBP/ 


p300  to  the  AR  transcriptional  complex  [67].  Activation  of 
AR  by  IL-4  requires  the  NF-kB  pathway  that  culminates  in 
the  activation  of  STAT6  [68].  IL-4  has  been  shown  to  stim¬ 
ulate  castration-resistant  growth  of  the  androgen-dependent 
LNCaP  human  CaP  cells  [69].  These  studies  suggest  that 
similar  to  IL-6,  IL-4  functions  as  an  anti-apoptotic  and  pro¬ 
survival  cytokine  in  the  progression  of  CRPC. 

IL-8  belongs  to  the  pro-inflammatory  chemokine  family, 
which  is  regulated  by  the  NF-kB  pathway.  Levels  of  IL-8 
and  its  receptors  are  also  elevated  in  CRPC  [70]  and  can  be 
used  to  distinguish  between  benign  and  malignant  tumors 

[71] .  IL-8  induces  the  expression  and  activation  of  the  AR 

[72]  in  castrate  conditions  and  leads  to  castration-resistant 
progression  by  signaling  through  Src  and  FAK  tyrosine 
kinases  [73].  IL-8  is  also  a  strong  inducer  of  pro-angiogenic 
and  pro-metastatic  molecules  in  CRPC  [74].  IL-8  exerts  its 
effects  through  modulation  of  the  levels  of  cyclin  D1  and  by 
antagonizing  the  pro-apoptotic  effects  of  TRAIL  [75, 
76].  Chemotherapeutic  drugs  induce  signaling  through  IL-8 
and  other  chemokines  leading  to  activation  of  the  NF-kB 
pathway  and  evasion  of  apoptosis  and  confer  resistance 
to  oxaliplatin  in  metastatic  prostate  carcinoma  cells  [77]. 
Downregulation  of  IL-8  by  siRNA  has  shown  promising 
results  in  CaP  cells  by  enhancing  apoptosis  and  sensitivity 
to  docetaxel  [78].  Based  on  these  findings,  IL-8  may  be 
considered  a  potential  therapeutic  target  in  CRPC. 

Transcription  factors 

Constitutive  activation  of  STAT3  is  a  hallmark  of  CRPC 
and  has  been  observed  downstream  of  elevated  levels  of  IL-6 
signaling  in  CRPC  tissues  and  cells  [79] .  Phosphorylation 
of  STAT3  as  a  result  of  IL-6  signaling  leads  to  the  expres¬ 
sion  of  several  genes  associated  with  progression  and 
metastasis.  Constitutive  activation  of  STAT3  has  been 
observed  in  CRPC  cells  and  tissues  [79].  Suppression  of 
STAT3  expression  and  constitutive  activation  using  either 
siRNA  or  dominant  negative  mutant  approach  induced 
apoptosis  and  abolished  growth  of  CaP  cells  [80].  STAT3 
interacts  physically  with  amino  acids  234-558  of  the  AR 
leading  to  its  ligand-independent  activation  [81].  This  inter¬ 
action  is  dependent  upon  phosphorylation  of  STAT3  at 
Ser722.  STAT3  also  enhances  transactivation  of  target 
genes  by  other  steroid  hormone  receptors  [82]  and  pro¬ 
motes  castration-resistant  growth  of  LNCaP  cells  in  vitro 
and  in  vivo  [83].  Stable  expression  of  constitutively  active 
STAT3  has  also  been  shown  to  change  the  phenotype  of 
benign  prostate  epithelial  cells  to  one  resembling  malignant 
cells  [84].  STAT3  also  plays  a  key  role  in  signaling  down¬ 
stream  from  B-cell-derived  lymphotoxin,  independent  of 
IL-6  signaling,  and  promotes  castration-resistant  progres¬ 
sion  and  metastasis  of  CaP  [85]. 
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Fig.  1  Schematic  diagram  of  AR  function 


NF-kB  signaling  is  involved  in  the  processes  of  survival, 
proliferation,  evasion  of  apoptosis,  and  metastasis  in  CRPC. 
The  canonical  NF-kB  pathway  that  involves  the  heterodi¬ 
merization  of  p65  and  p50  subunits  of  NF-kB  is  constitu- 
tively  active  in  CRPC  cells  and  tissues.  A  few  of  the  earliest 
reports  about  the  interaction  of  NF-kB  and  the  AR  have 
shown  that  the  RelA  [p65)  subunit  of  NF-kB  and  the  AR 
exhibit  mutual  transcriptional  antagonism  [86]  and  that  acti¬ 
vation  of  NF-kB  negatively  regulates  transcription  of  the 
AR -responsive  gene  PSA  through  a  negative  regulatory  ele¬ 
ment  in  the  PSA  promoter-enhancer  [87].  But  more  recent 
reports  have  demonstrated  that  constitutive  NF-kB  activity 
maintains  higher  levels  of  nuclear  AR  that  promotes  tran¬ 
scription  of  pro-proliferative  and  pro-survival  genes  [88]  and 
that  CRPC  progression  is  dependent  on  constitutive  NF-kB 
activity  [89].  Canonical  NF-kB  also  regulates  the  expression 
of  inflammatory  cytokines  such  as  IL-6  and  thereby  plays  an 
important  role  in  CRPC  [90].  It  has  recently  been  reported 
that  tumor-initiating  prostate  cancer  stem-like  cells  exhibit 
increased  NF-kB  activity  [91].  NF-kB  is  also  activated  by 
the  TMPRSS2/ERG  fusion  genes  found  in  CRPC  [92]. 
Downregulation  of  the  constitutive  activation  of  NF-kB  abol¬ 
ished  castration-resistant  prostate  tumor  growth  [89]. 

The  non-canonical  pathway  that  involves  the  tightly  regu¬ 
lated  proteolytic  processing  of  NF-KB2/pl00  leading  to  the 
production  of  p52  has  also  been  shown  to  be  active  in  CRPC 
cells.  Levels  of  nuclear  p52  are  enhanced  in  CRPC  tissues 
[93,  94],  and  androgen  stimulates  production  of  p52 
[95].  NF-kB 2/p52  interacts  with  the  NTD  of  AR  and  induces 
ligand-independent  activation  in  prostate  cancer  cells,  which 
is  mediated  by  enhanced  recruitment  of  the  co-activator  p300 
to  the  AR  transcriptional  complex.  Aberrant  activation  of  AR 
by  p52  induces  expression  of  AR-responsive  genes  and 
castration-resistant  growth  of  androgen-dependent  LNCaP 
prostate  cancer  cells  [96].  In  addition,  NF-KB2/p52  also 
modulates  expression  levels  of  several  metastasis-  and  inva¬ 
sion-related  genes  when  overexpressed  in  LNCaP  cells 
[97].  Downi'egulation  of  NF-KB2/pl00  using  shRNA 
resulted  in  reduced  production  of  p52  and  decreased  AR 
transactivation  ability  and  castration-resistant  growth  in  C4-2 
CaP  cells  [96].  Cross-talk  between  the  STAT3  and  alterna¬ 


tive  NF-kB  pathways  has  also  been  observed.  STAT3  is  acti¬ 
vated  by  LIGHT,  a  stimulator  of  the  alternative  pathway 
[98],  and  in  turn  induces  the  processing  of  NF-KB2/pl00  to 
p52  [99].  These  findings  support  the  feasibility  of  targeting 
both  the  canonical  and  alternative  pathways  of  NF-kB  as  a 
means  of  controlling  CRPC  progression. 

Summary  and  future  perspectives 

The  seminal  advances  made  in  the  past  few  years  have 
demonstrated  the  importance  of  activation  of  the  AR  in 
CRPC.  These  mechanisms,  summarized  in  Fig.  1,  are  likely 
to  act  in  concert  with  each  other  to  culminate  in  the  pro¬ 
gression  of  CaP.  New  AR-targeted  therapies  for  CRPC 
including  hormonal,  targeted,  immune,  and  cytotoxic  thera¬ 
pies  are  emerging.  Chemotherapeutic  agents  such  as 
estramustine,  mitoxantrone,  docetaxel,  and  cabazitaxel; 
hormonal  agents  such  as  CYP17  inhibitors  (ketoconazole, 
abiraterone,  TAK-700,  and  TOK-001)  and  AR  antagonists 
(MDV-3100,  ARN-509);  small  molecule  inhibitors  of  pro¬ 
tein-protein  interactions  (EPI-OOl);  and  decoy  oligonucleo¬ 
tides  are  all  being  tested  as  novel  therapeutic  agents.  The 
challenge  remains  the  identification  of  right  amalgam  of 
therapeutic  targets,  and  a  patient-customized  approach  is 
warranted.  This  would  involve  interfering  with  specific 
pathways  active  in  a  particular  patient’s  tumor  combined 
with  inhibition  of  the  AR  transcriptional  activity.  The  new 
generation  of  anti-androgens,  inhibitors  of  steroid  synthe¬ 
sis,  and  other  small  molecule  inhibitors  raise  the  hope  that 
longer  and  more  effective  remission  of  CRPC  can  be 
achieved  in  the  not  too  distant  future. 
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BACKGROUND.  Treatment  for  primary  prostate  cancer  (CaP)  is  the  withdrawal  of  andro¬ 
gens.  However,  CaP  eventually  progresses  to  grow  in  a  castration-resistant  state.  The  mecha¬ 
nisms  involved  in  the  development  and  progression  of  castrafion-resistant  prosfate  cancer 
(CRPC)  remain  unknown.  We  have  previously  generated  LNCaP-IL6+  cells  by  treating 
LNCaP  cells  chronically  with  interleukin-6  (lL-6),  which  have  acquired  the  ability  to  grow  in 
androgen-deprived  conditions. 

METHODS.  We  compared  the  protein  expression  profile  of  LNCaP  and  LNCaP-IL6+  cells 
using  two-dimensional  gel  electrophoresis.  The  gels  were  then  silver  stained  in  order  to 
visualize  proteins  and  the  differentially  expressed  spots  were  identified  and  characterized  by 
micro  sequencing  using  MALDl-PMF  mass  spectrometry. 

RESULTS.  In  this  study,  we  have  identified  RhoGDla  (GDla)  as  a  suppressor  of  CaP 
growfh.  Expression  of  GDIa  was  reduced  in  LNCaP-lL6+  cells  and  was  down-regulafed  in 
more  aggressive  CaP  cells  compared  to  LNCaP  cells.  Over  expression  of  GDIa  inhibifed  the 
growth  of  CaP  cells  and  caused  LNCaP-IL6+  cells  reversal  to  androgen-sensitive  state, 
while  down-regulation  of  GDIa  enhanced  growfh  of  androgen-sensitive  LNCaP  CaP  cells 
in  androgen-deprived  conditions.  In  addition,  GDIa  suppressed  the  tumorigenic  ability  of 
prostate  tumor  xenografts  in  vivo. 

CONCLUSIONS.  These  results  demonstrate  that  loss  of  GDIa  expression  promotes 
the  development  and  progression  of  prostafe  cancer.  Prostate  72: 392  398,  2012. 
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INTRODUCTION 

Prostate  cancer  (CaP)  is  the  most  common  type 
of  cancer  in  American  men  and  ranks  second  to  lung 
cancer  in  cancer-related  deaths.  One  of  the  important 
challenges  facing  CaP  is  its  evolution  to  castration 
resistance,  for  which  no  effective  treatment  has  been 
developed.  Understanding  the  molecular  mechanisms 
leading  to  castration  resistance  is  the  key  to  develop¬ 
ing  successful  therapies  to  combat  this  lethal 
response.  IL-6  has  been  implicated  in  the  modulation 
of  growfh  and  differentiation  in  many  cancers  and  is 
associated  with  poor  prognosis  in  renal  cell  carcino¬ 
ma,  ovarian  cancer,  lymphoma,  and  melanoma  [1]. 
Elevated  expression  of  IL-6  and  ifs  receptor  have  been 
consistently  demonstrated  in  human  CaP  cell  lines 


and  clinical  specimens  of  CaP  and  benign  prosfate  hy¬ 
perplasia  [2-4].  Multiple  studies  have  demonstrated 
that  IL-6  is  elevated  in  the  sera  of  pafienfs  with 
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metastatic  CaP  and  the  levels  of  IL-6  correlate  with 
tumor  burden,  serum  PSA,  and  clinically  evident 
metastases  [5,6].  In  addition,  serum  IL-6  levels  are 
elevated  in  men  with  castration-resistant  prostate 
cancer  (CRPC)  compared  to  normal  controls,  benign 
prostatic  hyperplasia,  prostatitis,  and  localized  CaP 
[5].  Collectively,  these  data  suggest  that  elevated  IL-6 
levels  are  associated  with  the  lethal  phenotype  of 
CaP. 

IL-6  functions  as  a  paracrine  growth  factor  for  the 
human  LNCaP  androgen-sensitive  CaP  cells  and  as 
an  autocrine  growth  factor  for  the  human  DU145  and 
PC3  androgen-insensitive  CaP  cells  [7].  It  has  also 
been  reported  that  IL-6  mediates  LNCaP  cell  growth 
arrest  and  induces  neuroendocrine  differentiation 
[8-10].  Targeting  IL-6  signaling  using  an  anti-IL-6 
monoclonal  antibody  induces  regression  of  human 
CaP  xenografts  in  nude  mice  [11],  while  inhibition  of 
IL-6  with  CNT0328,  an  anti-IL-6  monoclonal  antibody 
inhibits  the  conversion  of  an  androgen-dependent  to 
independent  phenotype  in  a  CaP  xenograft  in  vivo 
model  [12].  These  studies  suggest  that  IL-6  promotes 
CRPC  progression. 

RhoGDI  (GDI)  is  a  cellular  regulatory  protein  that 
acts  primarily  by  controlling  the  cellular  distribution 
and  activity  of  Rho  GTPases  [13].  GDI  family  com¬ 
prises  three  mammalian  members:  GDIa,  which  is 
ubiquitously  expressed;  GDIp  which  has  hematopoi¬ 
etic  tissue-specific  expression,  and  GDI7  which  is 
membrane-anchored  through  an  amphipathic  helix 
and  is  preferentially  expressed  in  brain,  pancreas, 
lung,  kidney,  and  testis  [14].  GDIa  binds  to  and  nega¬ 
tively  regulates  most  Rho  GTPases  including  RhoA, 
Rad,  and  Gdc42  [14].  It  has  been  shown  that  overex¬ 
pression  of  GDI  in  various  cell  lines  induces  disrup¬ 
tion  of  the  actin  cytoskeleton  and  loss  of  substratum 
adherence  and  microinjection  of  GDIa  into  fibroblasts 
inhibits  cell  motility  [15,16].  GDIa  mRNA  level  was 
found  to  be  lower  in  the  metastatic  lineage  (T24T)  of  a 
human  bladder  cancer  cell  line  (T24)  suggesting  that 
Rho  activation  plays  a  role  in  the  control  of  progres¬ 
sion  to  metastasis  [17].  Although  GDIa  is  aberrantly 
expressed  in  several  tumor  tissues,  its  role  in  cancer 
progression  remains  to  be  unraveled.  In  this  study, 
we  show  that  GDIa  suppresses  CaP  cell  growth,  and 
down-regulation  of  GDIa  promotes  the  progression 
of  androgen-sensitive  cells  to  a  castration-resistant 
state. 

MATERIALS  AND  METHODS 

Cell  Culture  and  Transfections 

LNCaP,  LAPC-4,  PC3,  C4-2,  and  DU145  CaP  cells 
were  cultured  in  RPMI-1640  medium  containing 
either  10%  complete  fetal  bovine  serum  (PBS)  or  10% 


charcoal-dextran-stripped  FBS  and  penicillin/ strepto¬ 
mycin  as  described  previously  (29).  LNCaP  passage 
numbers  <30  were  used  throughout  the  study.  IL-6- 
overexpressing  LNCaP-IL6+  cells  were  cultured  in 
RPMI 1640  containing  10%  FBS  as  described  previous¬ 
ly  [18].  For  transfection  studies,  cells  were  transiently 
transfected  with  expressing  plasmids  using  Lipofect- 
amine  2000  (Invitrogen). 

Preparation  of  Whole  Cell  Extracts 

Cells  were  lysed  in  a  high-salt  buffer  containing 
10  mM  Hepes  (pH  7.9),  0.25  M  NaCl,  1%  Nonidet 
P-40,  and  1  mM  EDTA  with  protease  inhibitors,  and 
total  protein  in  the  lysates  was  determined  with 
the  Coomassie  Plus  Protein  Assay  Reagent  (Pierce, 
Rockford,  IL). 

Cytosolic  and  Nuclear  Protein  Preparation 

Cells  were  harvested,  washed  with  PBS  twice,  and 
resuspended  in  a  hypotonic  buffer  [10  mmol/L 
HEPES-KOH  (pH  7.9),  1.5  mmol/L  MgC12, 10  mmol/ 
L  KCl,  and  0.1%  NP40]  and  incubated  on  ice  for 
10  min.  Nuclei  were  precipitated  by  3,000  x  g  centri¬ 
fugation  at  4°C  for  10  min.  The  supernatant  was  col¬ 
lected  as  the  cytosolic  fraction.  After  washing  once 
with  the  hypotonic  buffer,  the  nuclei  were  lysed  in  a 
lysis  buffer  [50  mmol/L  Tris-HCl  (pH  8),  150  mmol/ 
L  NaCl,  1%  TritonX-100]  by  mechanical  disruption  for 
30  min  at  4°C.  The  nuclear  lysate  was  precleared  by 
centrifugation  at  4°C  for  15  min.  Protein  concentra¬ 
tion  was  determined  using  the  Coomassie  Plus  pro¬ 
tein  assay  kit  (Pierce). 

Proteomic  Analysis  UsingTwo-Dimensional 
Electrophoresis 

Prior  to  two-dimensional  electrophoresis,  the  pro¬ 
tein  samples  were  purified  using  a  2D  Clean-Up  kit 
(GE  health  care)  according  to  the  manufacturer's 
instructions.  Differentially  expressed  proteins  were 
identified  using  two-dimensional  gel  electrophoresis 
and  mass  spectrometry.  Two-dimensional  gel  electro¬ 
phoresis  was  performed  using  immobiline  strips  (pi 
range,  3-10;  GE  Healthcare,  Piscataway,  NJ)  with  pro¬ 
teins  being  separated  according  to  charge  and  subse¬ 
quently  molecular  weight.  The  gels  were  then  silver 
stained  in  order  to  visualize  proteins  and  the  differen¬ 
tially  expressed  spots  were  identified  by  MALDI- 
PMF  mass  spectrometry. 

Western  Blot  Analysis 

Equal  amounts  of  protein  were  loaded  on  10% 
SDS-PAGE  and  transferred  to  nitrocellulose  mem¬ 
branes.  The  membranes  were  blocked  with  5%  nonfat 
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milk  in  lx  PBS  +  0.1%  Tween  20  and  probed  with 
the  indicated  primary  antibodies.  The  chemilumines¬ 
cent  signal  was  detected  by  enhanced  chemilumines¬ 
cence  kit  (Amersham)  after  incubation  with  the 
appropriate  horseradish  peroxidase-conjugated  sec¬ 
ondary  antibodies. 

Measurement  of  PSA 

PSA  levels  were  measured  in  the  culture  superna¬ 
tants  using  ELISA  (United  Biotech,  Inc.)  according 
to  the  manufacturer's  instructions  and  as  described 
previously  [19]. 

In  Vitro  Cell  Proliferation 

Cells  (10'*  cells/well)  were  plated  in  12-well  plates 
in  RPMl  containing  10%  FBS.  After  2  or  3  days  in  reg¬ 
ular  culture  medium  with  10%  FBS,  cells  were 
switched  into  phenol  red-free  RPMl  containing  either 
10%  FBS  or  10%  charcoal-stripped  FBS  (Hyclone,  UT). 
Two  days  later,  cell  numbers  were  counted  using 
Coulter  counter. 

Apoptosis  Assays  and  Cell  Death  Detection  ELISA 

Cells  were  cultured  under  androgen-depleted  con¬ 
ditions  (10%  charcoal-stripped  serum)  for  3-7  days 
after  transfection  with  the  indicated  plasmids.  The 
degree  of  apoptosis  was  measured  by  cell  death 
detection  ELISA  according  to  the  manufacturer's 
instructions.  Briefly,  floating  and  attached  cells  were 
collected  and  homogenized  in  400  pi  of  incubation 
buffer.  Five  microliters  of  the  supernatant  diluted 
in  95  pi  of  incubation  buffer  was  used  in  the  ELISA. 
The  wells  were  coated  with  anti-histone  antibodies 
and  then  incubated  with  the  lysates,  horseradish 
peroxidase-conjugated  anti-DNA  antibodies,  and  the 
substrate  subsequently,  and  absorbance  was  read  at 
620  nm. 

InVIvoTumor  Growth 

Four-  to  six-week-old  athymic  male  nude  mice 
(Harlan,  Indianapolis,  IN)  were  injected  s.c.  in  both 
the  flanks  with  2  x  10^  cells  (LNCaP-IL6-l-/neo  and 
LNCaP-lL6-l-/GDl)  resuspended  1:1  in  Matrigel  (BD 
Biosciences,  Bedford,  MA)  and  complete  culture 
medium.  The  volume  of  the  growing  tumors  was 
estimated  by  measuring  their  three  dimensions 
(Length  x  Width  x  Depth)  with  calipers  (23). 

Statistical  Analysis 

All  data  are  presented  as  mean  ±  standard  devia¬ 
tion  (SD).  Statistical  analyses  were  performed  with 
Microsoft  Excel  analysis  tools,  differences  between 


individual  groups  were  analyzed  by  paired  f-test. 
P  <  0.05  was  considered  statistically  significant. 

RESULTS 

GDIawas  Identified  by  Down-Regulated  Expression 
in  LNCaP-IL-  6-|-  Cells  Compared  to  LNCaP  Cells 

We  previously  generated  a  subline  of  LNCaP  cells, 
LNCaP-IL6-l-,  by  chronically  treating  LNCaP  cells 
with  5  ng/ ml  lL-6  [18].  LNCaP-IL6-l-  cells  were  found 
to  have  acquired  the  ability  to  secrete  IL-6  and  to 
grow  in  castration-resistant  conditions  in  vitro  and  in 
vivo  [18].  To  identify  factors  that  potentially  mediate 
CaP  cell  growth  induced  by  IL-6,  the  protein  expres¬ 
sion  profile  in  LNCaP  and  LNCaP-IL-6-1-  cells  was 
analyzed  by  2-D  gel  electrophoresis  (Fig.  lA).  The  dif¬ 
ferentially  expressed  spots  were  isolated  from  the  2-D 
gels  and  micro  sequenced  by  MALDl-PMF.  One  of 
the  spots  that  were  present  in  parental  LNCaP  cells 
was  lost  in  LNCaP-IL-6-f  cells.  The  spot  was  identi¬ 
fied  as  CDla  by  MALDl-PMF  micro  sequencing  mass 
spectrometry. 


Fig.  I.  Identification  and  characterization  of  GDIa.  A:  Identifica 
tion  of  GDIa  protein  that  is  down  regulated  in  LNCaP  IL6+  cells 
compared  to  LNCaPcells.  2  D  gel  analysis  of  LNCaP  and  LNCaP  IL 
6+  cells.  Arrow  indicates  GDIa.  B:  GDIa  expression  is  decreased  in 
androgen  insensitive  cells  versus  androgen  sensitive  cells.  GDIa  ex 
pression  was  analyzed  by  Western  blot  using  whole  cell  lysates  of 
androgen  sensitive  LNCaP,  LAPC  4  cells  and  androgen  insenistive 
C4  2,  LNCap  IL6+,  PC3,  and  DUNS  cells  using  antibodies  specifi 
cally  against  GDIa.  Actin  was  used  as  loading  control. 
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GDI  a  Expression  is  Decreased  in 
Androgen-Insensitive  Cells 
Versus  Androgen-Sensitive  Cells 

To  test  whether  down-regulation  of  GDIa  expres¬ 
sion  is  associated  with  the  progression  of  CRPC,  we 
analyzed  the  expression  levels  of  GDla  in  androgen- 
sensitive  LNGaP,  LAPC-4  cells,  and  androgen-insen¬ 
sitive  C4-2,  LNCaP-lL-6-l-,  PC-3,  and  DU145  cells  by 
Western  blot  analysis  using  antibodies  against  GDla. 
The  levels  of  GDla  protein  were  decreased  in  the 
androgen-insensitive  cells  compared  to  those  in 
androgen-sensitive  cells.  These  results  suggest  that 
androgen-insensitive  growth  is  associated  with 
decreased  levels  of  GDla  protein  (Fig.  IB). 

GDI  a  Inhibits  Cell  Growth  and  Induces 
Apoptotic  Cell  Death 

To  examine  the  effects  of  GDla  on  cell  growth  in 
vitro,  LNCaP-lL-6-l-  and  DU145  cells  that  express  low 
levels  of  GDla  protein  were  transfected  with  different 
concentrations  of  expression  plasmids  encoding 
GDla  and  cell  numbers  were  determined.  Overexpre- 
sion  of  GDla  inhibited  the  growth  of  LNCaP-IL-6-l- 
and  DU145  cells  in  vitro  (Fig.  2A).  Apoptosis  was 
measured  by  analyzing  the  degree  of  DNA  fragmen¬ 
tation  with  the  Cell  Death  Detection  ELISA  kit 
(Roche).  Over  expression  of  GDla-induced  significant 


levels  of  apoptotic  cell  death  compared  to  the  vector 
control  (P  <  0.01,  Fig.  2B).  These  data  suggest  that 
overexpression  of  GDla  inhibits  the  growth  of  CaP 
cells  via  induction  of  apoptotic  cell  death. 

RhoGDIa Inhibits  LNCaP-IL-6+  Cell  Growth  in 
Androgen-Deprived  Conditions 

To  determine  the  potential  significance  of  over 
expression  of  GDla  in  CaP  cells,  LNCaP-IL-6-l-  were 
transfected  with  plasmids  expressing  control  or 
GDla.  After  transfection,  cells  were  switched  to  me¬ 
dia  containing  either  FBS  or  charcoal-stripped  FBS 
(CS-FBS)  and  allowed  to  grow  for  3  more  days 
and  cell  numbers  were  determined.  The  growth  of 
LNCaP-IL-6-1-  cells  transfected  with  vector  control 
grown  in  CS-FBS  was  reduced  ^5-10%  compared  to 
those  grown  in  FBS.  The  growth  of  LNCaP-lL-6-l-  cells 
transfected  with  GDla  grown  in  similar  conditions 
showed  reduction  by  40-50%  (Fig.  3).  These  results 
suggest  that  over  expression  of  GDla  can  reduce  the 
growth  of  LNCaP-lL-6-l-  cells  in  androgen-deprived 
conditions  in  vitro. 

Down-Regulation  of  GDla  Promotes  Growth  of 

LNCaP  Cells  in  Androgen-Deprived  Conditions 

LNCaP  cells  express  higher  levels  of  GDla  protein 
and  do  not  grow  well  in  CS-FBS  condition.  To  test 
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Fig.  2.  Expression  of  GDla  inhibited  growth  and  induced  apoptotic  cell  death  in  vitro.  A;  Over  expression  of  GDla  inhibits  LNCaP  IL6+ 
and  DUNS  cells  growth  in  vitro.  LNCaP  IL6+  and  DUNS  cells  were  transfected  with  different  doses  of  plasmids  containing  GDla  cDNA. 
The  cell  number  was  determined  3  days  after  transfection.  B:  Overexpression  of  GDla  induces  apoptotic  cell  death.  LNCaP  IL6+  and  DUNS 
cells  were  transfected  with  different  doses  of  expression  plasmids  containing  GDla  cDNA.  Apoptotic  cell  death  was  determined  3  days  after 
transfection.  C;  GDla  expression  by  Western  blot  analysis  using  antibody  specific  against  GDla.  ^Statistical  significance  compared  to 
controls. 
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Fig.  3.  Effect  of  over  expression  of  GDIa  on  LNCaP  IL6+  cell 
growth  in  the  presence  and  absence  of  androgen  in  vitro.  LNCaP 
IL6+  cells  were  cultured  in  RPMI  1640  supplemented  with  10%  FBS 
or  10%  charcoal  stripped  FBS(CS  FBS)  and  cultured  for  72  hr.  MTT 
values  for  the  complete  FBS  were  expressed  as  100%  and  MTT 
values  for  charcoal  stripped  FBS  were  expressed  as  %  relative  to 
complete  FBS.  "“Statistical  significance  compared  to  the  value  of 
FBS  conditions.  The  bottom  panel  shows  GDIa  protein  expression 
by  Western  blot  analysis  using  antibody  against  GDIa. 


whether  knockdown  of  GDIa  expression  stimulates 
androgen-independent  growth  of  androgen-sensitive 
LNCaP  cells,  LNCaP  cells  were  transfected  with 
shRNA  specifically  for  GDIa  and  GPP  shRNA  as  con¬ 
trol.  Cells  were  cultured  in  the  presence  and  absence 
of  androgen  and  cell  growth  was  determined.  The 
growth  of  androgen-sensitive  LNCaP  transfected 
with  GFP  control  was  reduced  by  approximately  50% 
after  72  hr  in  CS-FBS  compared  to  that  in  regular  FBS. 
In  cells  transfected  with  GDIa  shRNA  there  was  only 
5-15%  reduction  in  growth  in  CS-FBS  compared  to 
FBS  indicating  that  knockdown  of  GDIa  protein  ex¬ 
pression  can  enhance  the  growth  of  LNCaP  cells  in 
androgen-deprived  conditions  in  vitro  (Fig.  4). 

RhoGDI  a  Suppresses  LNCaP-IL-  6+  Tumor  Growth 

To  test  the  effect  of  GDIa  on  tumor  formation 
in  vivo,  8-week-old  male  nude  mice  were  inoculated 
s.c.  with  2  X  10^  LNCaP-IL6-l-  cells  stably  transfect¬ 
ed  with  GDIa  or  vector  control.  The  mice  developed 
tumors  2  weeks  after  injection  with  LNCaP-IL6-f-/neo 
cells,  and  5  weeks  after  injection  with  LNCaP-IL6-(-/ 
GDIa  cells  (Fig.  5).  Tumor  volumes  were  measured 
twice  a  week.  At  the  end  of  9  weeks,  blood  and  tumor 
tissues  were  collected  and  serum  levels  of  PSA  were 
determined  by  ELISA.  The  over  expression  of  GDIa 
suppressed  tumor  growth  of  LNCaP-IL6-l-  cells.  All 
the  tumors  produced  PSA  and  the  levels  of  PSA  were 
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Fig.  4.  Knockdown  of  RhoGDIa  expression  promotes  LNCaP 
cell  growth  in  androgen  deprived  conditions  in  vitro.  Effect  of 
knockdown  of  RhoGDIa  expression  on  LNCaP  cell  growth  in  the 
presence  and  absence  of  androgen  in  vitro.  LNCaP  cells  were  cul 
tured  in  RPMI  I640  supplemented  with  I0%  FBS.  After  24  hr,  the 
cells  were  transfected  with  GDIa  shRNA  as  indicated.  GFP  shRNA 
was  used  as  control.  After  transfection,  the  cells  were  switched  to 
either  I0%  FBS  or  I0%  charcoal  stripped  FBS  (CS  FBS)  and  cultured 
for  72  hr.  MTT  values  for  cell  grown  in  complete  FBS  were 
expressed  as  I00%  and  MTT  values  for  cell  grown  in  charcoal 
stripped  FBS  were  expressed  as  %  relative  to  complete  FBS.  Bot 
tom  panel  shows  GDIa  protein  expression  by  Western  blot  analysis 
using  antibody  against  GDIa.  “Statistical  significance  compared  to 
the  value  of  GFPshRNA  in  CS  FBS  conditions. 

25.4  ±  6.5  ng/ml  in  mice-bearing  LNCaP-IL6+/neo 
tumors  and  5.1  ±  2.8  ng/ml  in  mice-bearing  LNCaP- 
I16-l-/GDIa  tumors.  These  results  demonstrate  that 
GDIa  expression  suppresses  prostate  tumor  growth 
in  vivo. 

DISCUSSION 

IL-6  has  been  implicated  in  growth  and  differentia¬ 
tion  and  is  associated  with  poor  prognosis  in  many 
cancers  including  CaP.  Multiple  studies  have  demon¬ 
strated  that  IL-6  is  elevated  in  the  sera  of  patients 
with  metastatic  CaP  and  correlates  with  tumor  bur¬ 
den  and  clinically  evident  metastases  [1,3-5].  An  in¬ 
teresting  observation  is  the  dynamic  nature  of  CaP 
cells  such  as  LNCaP  in  response  to  IL-6.  IL-6  exerts  its 
effects  in  both  paracrine  and  autocrine  manner  [18]. 
Prolonged  passage  of  LNCaP  cells  in  the  presence 
of  IL-6  generated  a  subline,  LNCaP-IL6-l-,  which  is 
adapted  to  IL-6  and  grows  in  a  castration-resistant 
manner  [18,20].  In  the  present  study,  we  analyzed 
protein  expression  profiles  of  parental  LNCaP 
and  LNCaP-IL-6-F  cells,  and  identified  that  GDIa  is 
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Fig.  S.  Effects  of  overexpression  of  GDIa  on  tumor  growth. 
A;  Over  expression  of  GDIa  suppresses  LNCaP  IL6+  cell  tumor 
growth  in  vivo.  LNCaP  IL6+  cells/neo  and  LNCaP  IL6+/GDIa  cells 
were  injected  into  intact  male  nude  mice  (N  =  8). Tumor  volumes 
were  measured.  B:  Levels  of  GDIa  protein  in  tumors  originating 
from  LNCaP  IL6+/neo  and  LNCaP  IL6+/GDIa  cells  analyzed  by 
Western  blot  using  antibody  against  GDIa.  [Color  figure  can  be 
viewed  in  the  online  issue,  which  is  available  at  wileyonlinelibrary. 
com.] 


down-regulated  in  CaP  and  its  down-regulation  plays 
a  critical  role  during  CaP  progression  to  CRPC. 

GDIa  was  identified  by  comparison  of  the  protein 
expression  profiles  of  LNCaP  and  LNCaP-IL6-l-  cells. 
GDIa  is  down-regulated  in  LNCaP-IL6H-  cells  which 
exhibit  higher  levels  of  IL-6  compared  to  LNCaP  cells. 
The  levels  of  expression  of  GDIa  are  higher  in  andro¬ 
gen-sensitive  LNCaP  and  LAPC-4  cells  compared  to 
more  aggressive  and  androgen-insensitive  C4-2,  PCS, 
DU145,  and  LNCaP-IL6-l-  cells,  suggesting  that  down- 
regulation  of  GDIa  expression  may  participate  in  the 
progression  of  CaP  cells  to  androgen-insensitive  state. 
It  should  be  noted  that  the  data  is  obtained  from  CaP 
cell  lines  derived  from  human  CaP.  It  would  be  inter¬ 
esting  to  examine  the  levels  of  GDIa  expression  in 
specimens  directly  derived  from  patients  representing 
different  stages  of  CaP. 

Our  study  shows  a  novel  role  of  GDIa  in  CaP. 
Overexpression  of  GDIa  helps  check  uncontrolled 
proliferation  of  LNCaP-IL-6-1-  cells  in  vitro  and  in 
vivo.  In  addition  to  LNCaP-IL6-l-  cells,  GDIa  also 
inhibits  the  proliferation  of  DU145  GaP  cells  at  least  in 


vitro.  We  have  previously  showed  that  LNCaP-IL6-l- 
cells  have  the  ability  to  grow  in  androgen-deprived 
charcoal-stripped  PBS  conditions  in  cell  culture  [18], 
which  was  hampered  by  overexpression  of  GDIa  in 
LNGaP-IL6-l-  cells.  Conversely,  down-regulation  of 
GDIa  expression  in  LNCaP  cells  enhanced  the  growth 
of  these  cells  in  androgen-deprived  charcoal-stripped 
PBS  conditions  in  vitro.  These  results  suggest  that  de¬ 
creased  expression  of  GDIa  facilitates  the  progression 
of  castration-resistance  from  androgen-sensitive  CaP. 
The  possible  involvement  of  GDIa  in  CRPC  progres¬ 
sion  is  suggested  by  a  recent  publication  in  which  loss 
of  GDIa  expression  promotes  MCP-7  breast  cancer 
cells  resistant  to  tamoxifen  treatment  [21]. 

In  conclusion,  we  have  identified  GDIa  as  a  sup¬ 
pressor  of  CaP  growth  through  comparison  of  the 
protein  expression  profiles  of  LNCaP  and  LNCaP- 
IL6+  cells.  Overexpression  of  GDIa  inhibits  the 
growth  of  GaP  cells,  while  down-regulation  of  GDIa 
enhances  the  growth  of  androgen-sensitive  CaP  cells 
in  androgen-deprived  conditions.  The  mechanisms 
of  GDIa-mediated  cellular  signaling  involved  in  pro¬ 
moting  CaP  cell  progression  are  currently  under 
investigation. 
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